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ABSTRACT
The electrical conductivity of single-crystal A1 2 03 , poly-
crystalline sintered A1203 , and two compositions of zirconia-calcia
solid solutions has been measured as a function of temperature and
oxygen pressure.
Both single-crystal and polycrystalline alumina behave as
semi-conductors at high temperatures; p-type conductivity is observed
at high oxygen partial pressures and n-type conductivity at low oxygen
partial pressures. At intermediate oxygen partial pressures, single-
crystal alumina exhibits ionic conductivity, while polycrystalline
alumina remains an electronic conductor. This is believed due to the
greater impurity content of the polycrystalline aggregate.
The temperature dependence of conductivity for single-crystal
alumina is dependent on the purity, temperature, and oxygen partial
pressure. These variables govern the number and type of current
carriers. The temperature dependence of conductivity of polycrystalline
alumina is dependent on the purity, temperature, oxygen partial pressure,
and microstructure. These variables govern the number and type of
current carriers which can carry a current of constant density.
- ii -
For the cubic zirconia-calcia solid solutions investigated, the
mechanism of conductivity was due to oxygen ion mobility. For the
two compositions investigated, the conductivity was found to be
independent of oxygen partial pressure and composition. The temper-
ature dependence of conductivity can be expressed by a single activation
energy (1.26 e.v.), over the temperature range 1727*C-727*C.
Thesis Supervisor: W. D. Kingery
Associate Professor of Ceramics
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I. INTRODUCTION
In recent years a considerable amount of research has been
concerned with the physics of defects in solids. The reason for this
becomes clear when one attempts to discuss physical or chemical
properties of solids. One must either postulate the pre-existence
of defects or their creation in order to explain existing phenomena.
One property of a solid which may be used to study defects,
and in addition be of value in itself, is electrical conductivity.
This is possible since defects in solids include misplaced or missing
ions and trapped or missing electrons which are affected by electrical
fields. By appropriate means, one can thus determine the mechanism of
conduction as well as the type of defect.
The present study is an attempt to determine the mechanism
of conduction of aluminum oxide and of solid solutions of cubic
zirconia-calcia. The temperature of the oxide, the oxygen partial
pressure with which the oxide is in equilibrium, and the microstructure
of the oxide are experimentally investigated as variables. The study
has been limited to pure, single phase oxides. On the basis of both
a.c. and d.c. measurements, conclusions can be reached as to the
conduction mechanism and characteristics.
II. REVIEW AND ANALYSIS OF THE LITERATURE
A. Classification of Defects.
There are several conceivable types of disorder which
crystalline solids may exhibit. The various types of defects with a
brief description of each is as follows:
1. Stoichiometric Crystal Defects:
An imperfect crystal is defined as one having a stoi-
chiometric composition, but having misplaced atoms or ions
throughout the lattice. There are at least two different
types of imperfections which must be present because of elec-
trical neutrality requirements and the four possible ways
2
that these can occur are:
(a). The Frenkel disorder type involving equal
concentrations of interstitial positive ions
and positive ion vacancies.
(b). The anti-Frenkel disorder type involving equal
concentrations of negative ions interstitially
and negative vacancies.
(c). The Schottky disorder type consisting of
positive and negative ion vacancies in the
same ratio as the ions occur in the crystal.
(d). The anti-Schottky disorder type consisting of
positive and negative ions interstitially.
The type of disorder which predominates in a crystal will
depend on the energy necessary for its formation, the one
with the minimum energy predominating over the other types.
It is to be expected that Schottky defects will occur more
generally, since the geometrical requirements for their
existence are less restrictive than those of other types of
defects. Figure 1 illustrates the various models schematic-
ally. As will be discussed later, properties such as ionic
conductivity and diffusion, which are dependent on these
types of disorder, will be enhanced when the amount of
disorder is increased.
2. Non-Stoichiometric Crystal Defects:
Another important group of defect solids is the non-
stoichiometric group in which the solids show an excess or
deficiency of one component as indicated by the composition.
There are four ways in which non-stoichiometry can occur in
oxides, these being: metal excess, metal deficit, oxygen
excess, and oxygen deficit.3 An excess of metal may be
present in the form of cations on interstitial positions and
excess quasi-free electrons. Since an excess of metal is
equivalent to a deficiency of non-metal relative to the ideal
stoichiometric composition, there may be instead anion vacancies
and quasi-free electrons. The expression quasi-free electron
indicates an electron is bound in the field of excess positive
charge in the lattice, which becomes mobile under the action
of an electric field.
A B A B A B
A
B A B A B A
B A B A B
B A B B A
A
A B A B A B
Frenkel disorder
A B A B A B
B
B A B A B A
A_# _1 A B A B
B A B A' A
B
AB A B A B
Anti - Frenkel disorder
A B A B A B
B'';B A B A
A B A B A '
B ')B A B A
A B A ')A B
Schottky disorder
AB A B A
A B
B
B A B A B A
A B A B A B
B
B A B A B A
A
A B A B A B
Anti-Schottky disorder
Figure 1. Schematic Representation of Stoichiometric Crystal Defects.
If there is a deficiency of metal, which is equivalent
to an excess of non-metal, there may be either cation
vacancies and electron holes, or anions in interstitial
positions and electron holes. The expression electron hole
indicates that somewhere in the lattice of the compound an
electron is missing as compared to the state of an ideal
lattice.
Only a small deviation from stoichiometry is needed to
cause a significant amount of electronic conductivity in
oxides of this type since the mobility of excess electrons
or electron holes is several orders of magnitude larger than
that of ions. An analogous behavior has also been found for
sulfides and halides. The electronic conductivity for
oxides of this type may either increase or decrease with
varying oxygen partial pressure, depending on the type of
defect.
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Zinc oxide, for example, has excess zinc ions on
interstitial positions and as the oxygen partial pressure is
increased, the conductivity is decreased. This corresponds
to a decrease of excess metal and, therefore, fewer quasi-free
electrons.
The electronic conductivity of iron oxide, (Feo), cobalt
oxide, nickel oxide, and cuprous oxide on the other hand is
increased as the oxygen partial pressure is increased. This
arises since oxides of this type have a metal deficit, and as
the oxygen partial pressure is increased, the metal deficit is
increased.7 -10
6One of the few oxides which has been reported as
having oxygen ions on interstitial positions and electron
holes to compensate for this excess charge is uranium
dioxide, UO2+x. 1 Some fluoride systems have also been
reported as having a similar type of defect.12-14 The
electrical conductivity for an oxide of this type should
increase with increasing oxygen partial pressure since the
excess oxygen ions will increase the concentration of
electron holes which are responsible for the conduction
mechanism.
Titanium dioxide1 5 is a typical example of an oxide
containing oxygen ion vacancies and quasi-free electrons.
This results in increased electrical conductivity with a
decreasing oxygen partial pressure.
3. Impurity Systems:
Impurity systems are those in which structural defects
are created by the isomorphous substitution of atoms or
compounds in solid solutions. Furthermore, in the case
being considered, one of the atoms being substituted has a
different valency from the host lattice, while the other
atom is identical to the host lattice.
Of particular interest in this investigation is the
zirconia-calcia system.16-20 The isomorphous substitution
of zirconium ions by calcium ions results in the formation
of a fluorite type phase with the excess negative charge
being compensated by the formation of oxygen ion vacancies.
The same mechanism is also involved in the cerium oxide-
lanthanum oxide solid solutions.2 1
In the zirconium oxide-magnesium oxide solid solutions,
however, the isomorphous substitution of calcium ions for
zirconium ions results in the formation of a fluorite phase
with part of the cations on interstitial positions.
17
,
20
,
2 2
,
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4. Controlled Valency Semi-Conductors:
Verwey,24 was the first to recognize the principle by
which the number of ions of deviating valency in an ionic
crystal could be controlled by incorporating impurity ions
of certain types. The principle is important in that it
allows the creation of electrical defects without the creating
of a corresponding number of vacancies in the lattice. Verwey
established his ideas using the nickel oxide (NiO) system in
which he has shown that the addition of lithium oxide
controlled the number of Ni+3 ions formed. The smaller charge
of the Li+1 ions balanced the excess charge of Ni ions with-
out the simultaneous introduction of vacancies in the cationic
portion of the lattice. The defect center may be described as
an impurity cation of lower relative charge on a cation site,
plus a positive hole bound on a neighboring host cation.
SThe incorporation on a cation site of an impurity
cation of a higher charge than the host cation can stabilize
a lower valence state of the host lattice. The defect center
may be described as an impurity cation of higher relative
charge on a cation site plus a quasi-free electron bound on
a neighboring host cation. A necessary condition for the
application of the principle of controlled valency is that
the impurity cation should be approximately the same size a
the host cation.
5. Dual-Valency Intrinsic Semi-Conductors:
This class of defect solids is unique because of its
compositional and structural perfection. Their properties
may be said to arise from an electrical defect (i.e., ions
of the same element in two different valence states are
present in the crystal in stoichiometric proportion). Mag-
netite, FeSO4 , is an outstanding example of this class of
semi-conductors. DeBoer, Verwey,25 and Verwey and co-workers 2 6
deduced from their studies that at ordinary temperatures
magnetite has all the ferrous ions and half of the ferric
ions statistically distributed over one kind of cation
position (octahedral) in the unit cell. The remaining ferric
ions are localized on tetrahedral sites. The ease of electron
transfer from the ferrous ion to the ferric ion is responsible
for the electronic, magnetic, and optical properties. The
conductivity is virtually independent of the ambient oxygen
partial pressure.
B. Electrical Conductivity of Aluminum Oxide.
Many investigations pertaining to the electrical conductivity
of alumina have been reported in the literature with measurements
having been made on single-crystal as well as polycrystalline materials.
Measurements as a function of temperature have been made in various
atmospheres, in different temperature intervals, and on specimens of
varying purity, grain size, and porosity, with different types of
contacts and at different frequencies. These differences will affect
the magnitude of the conductivity as well as the activation energy.
Moreover, since single-crystal alumina is afnisotropic, the orientation
of the C-axis to the electric field must be known in order to obtain
consistently equivalent results.27 Figures 2 and 3 present curves of
log 6 versus l/T*K for single-crystal and polycrystalline specimens,
and as is seen the activation energies vary from 0.25 e.v. to 4. e.v.,
while the magnitude of the conductivity varies over several orders of
magnitude.
1. Single-Crystal Alumina:
Measurements on single-crystal alumina have been made
in air on specimens of unreported orientation and in most
instances of unreported purity. The temperature range is
approximately 300*K to 2000*K.
The first reported measurement was by Doelter,28 who
measured the temperature dependence of a.c. resistivity, using
a Wheatsone Bridge between 830*K and 1330*K, on a naturally
occurring sapphire specimen of unreported purity. Polar-
ization measurements were also made, and these indicated
Pentecost
Graham
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Figure 2. Temperature Dependence of Electrical Conductivity of
Single-Crystal Alumina (from literature).
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Figure 3. Temperature Dependence of Electrical Conductivity of
Polycrystalline Alumina (from literature).
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that at approximately 1200*K an appreciable amount of polar-
ization began to take place. This is attributed to electro-
lytic conduction.
von Wartenburg and Prophet,29 who measured the d.c.
temperature dependence of resistivity of sapphire and ruby
(approximately three per cent chrome oxide content), using
a two-terminal method between 1500*K and 1800*K, obtained an
activation energy of approximately 2.8 e.v. for both specimens.
Chrome oxide increased the magnitude of the conductivity, but
did not change the activation energy. The authors compared
30
their results with those of Podszus, who measured the con-
ductivity of polycrystalline alumina in vacuum and found that
the polycrystalline body is a better conductor than single
crystal. The authors concluded from their measurements that
the mechanism of conduction in both samples is electronic
below 1800*K, while above this temperature the conductivity
is also partially ionic.
Rochow,31 using a unique two-terminal arrangement,
measured the temperature dependence of d.c. resistivity at
field strengths of less than three volts per millimeter in
the temperature range of 500*C to 1200*C and obtained an
activation energy of approximately 1.8 e.V. It is interesting
to note that until the crystal had been heated at 1200*C for
several hours, a plot of log 6 versus l/T*K was non-linear.
The reason for this non-linearity is unknown, and, therefore,
the magnitude of the data is not reported with any certainty.
13
The mechanism of conduction is thought to be electronic in
the voltage range measured since no anomalous behavior was
noted when the voltage was varied.
32
Wachtman and Maxwell, who were interested in the plastic
behavior of sapphire at elevated temperatures, measured the
d.c. resistivity from 500*C to 1400*C, using a two-terminal
method. The effect of plastic deformation was to work harden
the crystal. This decreased the magnitude of the conductivity,
but increased the activation energy from approximately 1.5 to
2.7 e.V. In a further study,33 the authors found that stresses
from work hardening were not appreciably relieved until the
specimen had been heated at 1800*C for four hours. The
'annealed" specimen exhibited a higher conductivity than the
"as received" specimen. The authors feel that this difference
in the magnitude of the conductivity is due to inherent
stresses which are introduced during growing and are not
relieved during any of the subsequent low temperature
annealings. This seems to be a plausible explanation, but as
the authors point out, the conductivity changes may have been
caused by changes in stoichiometry during the heat treatments.
Pentecost34 and co-workers measured the d.c. temperature
dependence of resistance in the temperature range 500*C to
17000C for two specimens and found that the results were
essentially the same. However, a plot of log , versus l/T*K
does not give a straight-line relationship, the reason for this
being unknown. If the data are extrapolated, however, one can
14
obtain two straight-line portions with a discontinuity
occurring at approximately 1200*C. Above this temperature,
the activation energy is approximately 4 e.V., while below,
it is approximately 1.8 e.V.
Graham35 and co-workers investigated the d.c. resistance
and dielectric properties of two sapphire specimens in the
temperature range 1000*C to 1500*C. The activation energies
for the two specimens were 1.86 and 1.60 e.V., with the
magnitude of the conductivity differing by a factor of about
ten. It is postulated that the mechanism of conduction is due
to impurities, since by spectrographic analysis traces of
copper, magnesium, iron, and silicon are found. The differences
in the activation energies and the magnitude of the conductivity
are also attributed to these impurities.
Cohen 3 6 has reported some preliminary data on the d.c.
conductivity of sapphire in vacuum in the temperature range
9000 C to 1300*C. Due to a variety of polarization effects and
dielectric anomalies such as decays immediately after estab-
lishing a voltage, anomalous potential distributions, recti-
fying effects, high contact resistance, and heterogeneous
specimens, the author was not able to determine specific or
ohmic conductivity.
Linde Air Products Company37 has published data on the
conductivity of sapphire between 500*C and 1500*C. The method
and conditions under which these results were obtained were not
reported. The activation energy is calculated to be 1.9 e.V.
-- ~ . in~-
2. Polycrystalline Alumina:
Measurements have been made in vacuum, air, neutral
and reducing atmospheres. Three types of specimens have
been used; a sintered type, a porous type which is sprayed
on a wire and fired in a reducing atmosphere before being
used for measurements, and a non-sintered pressed compact
type. The temperature range that these measurements cover
is between 300*C and 1950*C.
(a). Vacuum measurements. - One of the earliest
measurements in vacuum of the d.c. resistivity
of polycrystalline alumina at high temperatures
using a two-terminal method was performed by
Podszus,30 who also measured the resistivity of
the same specimen in a nitrogen atmosphere.
Podszus' specimens were of high density, and he
noted that recrystallization brought about by long
heating at 2000*C caused a marked decrease in the
magnitude of the conductivity. The ambient atmos-
phere had a marked effect on the magnitude of the
conductivity as well as the activation energy. In
vacuum the activation energy was 1.50 e.V., while
in nitrogen it was 2.37 e.V. The author concludes
that the purer the substance, the more completely
dependent is the conductivity on the relationship:
1 (~
d, = ,3 exp (-Q/RT).
At a lower temperature interval (300*C to 8000C),
Hartman,38 using a two-terminal method,determined
the d.c. conductivity of a dense sintered specimen.
His specimen was ninety per cent of theoretical
density, having previously been sintered in air at
1800*C. Hartman's results are shown in Figure 4.
The initial measurement yielded an activation energy
of 0.385 e.V. With further heating, the conductivity
increased and the activation energy decreased, until
it remained sensibly constant at 0.25 e.V. When
this specimen was reheated in air and again measured
in vacuum, an initial value of 0.38 e.V. was obtained.
On the basis of this behavior, Hartman classified
alumina as a n-type (electron excess) semi-conductor,
since he postulated that oxygen ions were being re-
moved from the lattice when the specimen was heated
in vacuum with electrical neutrality being maintained
in the bulk by excess electrons. Reheating in air
restored the oxygen ions to the lattice and resulted
in a lower conductivity and higher activation energy.
Helt and Haase,39 working in the temperature range
of 400*C to 1500*C, determined the d.c. resistivity of
two grades of alumina designated as pure and technically
pure. The pure grade specimen was sintered in vacuum
1.8 2.2 2.6 3.0
1/T*K xlO3
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Figure 4. Electrical Conductivity of Sintered Polycrystalline Alumina in Vacuum.
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and contained three one-hundredths of a per cent of
impurities, while the technically pure grade specimen
was sintered in a gas kiln and contained six one-
hundredths of a per cent of impurities. The techni-
cally pure material exhibited two activation energies
as a function of temperature and a higher conductivity;
the activation energy was 2.38 e.V. below temperatures
of 800*C and 2.50 e.V. above this temperature. The
pure material exhibited a single activation energy of
2.50 e.V. This effect was attributed to the lattice
impurities. It was noted that before reproducible
results could be attained, it was necessary to heat
the sample in vacuum at 1500*C for a long period of
time.
Fairbrother,40 using a tungsten wire coated with
a layer of sprayed-on alumina, used the Langmuir probe
method to determine the d.c. conductivity between 300*K
and 1800*K. The alumina which was fired in hydrogen
gas to 1500*C before being measured obeyed the relation-
ship: L< =,fo exp (-Q/RT). It had an activation energy
of 2.9 e.V. between 1280*K and 1725*K, and 6.6 e.V. at
higher temperatures. Shulman repeated this type of
measurement and reported that the magnitude of Fair-
brother's results at lower temperatures was in error by
a factor of one hundred to one thousand, due to ions
entering the guard cylinder in the experimental set up.
Shulman in a further experiment, using an apparatus
identical to Fairbrother's, measured the d.c. conduc-
tivity between 700*K and 2200*K and postulated that
at low temperatures the conductivity is due to impur-
ities which obey Ohm's law, while at high temperatures
and strong fields, the conductivity changes and attains
an exponential character. Rectifying effects are absent
or very low up to 1350*K. The curve of log d6 versus
1/T*K obtained shows a discontinuity at approximately
1500*K, with a high-temperature activation energy of
2.53 e.V. The discontinuity is explained as being due
either to ionic conduction or to the transition of
electrons from low energy zones into the conduction
band because of the additional thermal energy.
Arizuma and Tani45 have reported on the d.c.
conductivity for a heater cathode-like structure of
alumina at temperatures between 1400*K and 2000*K.
The specimens were formed either by cataphoresis or
a dip method on tungsten-molybdenum alloy wire and
sintered in hydrogen gas to 1700*C. In this work,
aluminas of extremely impure grades were used, the
impurities ranging from one to four per cent.
Figure 5 shows some of their experimental results.
The activation energy had an initial value of 1.05 e.V.
This value increased with each heating until a constant
L
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Figure 5. Effect of Impurity Removal by Heat Treatment on the
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value of 2.87 e.V. was attained. It is interesting to
note that while successive heating increased the
activation energy, the magnitude of the conductivity
decreased. This is presumably due to decreasing im-
purity content caused by volatilization. The authors
also reported an interesting polarity effect. A
transient increase in current was obtained when the
field was reversed from plus fifty volts to minus
fifty volts. On the basis of these observations, they
concluded that ionic currents were present, and that
these currents were mainly caused by the impurities in
the sample, since the successive heatings decreased
this effect. In the final state, the mechanism of
conduction was believed to be almost entirely electronic.
(b). Measurements in other atmospheres. - Diepschlag and
Wulfestieg, using a two-terminal method determined
the d.c. conductivity of sintered alumina in a reducing
atmosphere in the temperature interval 1100C to 1550*C.
The material is of unspecified purity and porosity. The
conductivity as a function of temperature followed the
exponential relationship, and in all cases when minor
additions of calcium oxide, ferric oxide, and manganese
oxide were made, the conductivity increased. Hensler
and Henry45 determined the a.c. conductivity at nine
L
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hundred and sixty-five c.p.s. in a neutral atmosphere
from 600*C to 1500*C, in conjunction with a study on
the effect of major additions of silica and chrome
oxide to sintered alumina. The specimen which had
previously been sintered at 1500*C had an activation
energy of 1.05 e.V. The authors suggest that the
chief mechanism of conduction is surface conduction;
surface conduction is due to chemical unsaturation
which leads to either electronic conduction, or
conduction due to adsorbed surface ions, both of
which are influenced by extermal electrical fields.
Gerdien46 determined the d.c. resistivity in air of
sintered alumina between 300*C and 800*C. The
activation energy calculated from his data is 1.7 e.V.
Werner found a linear relationship for a plot of
log 56 versus 1/T*K. The activation energy is
1.88 e.V. for sintered specimens measured in air,
using a d.c. two-terminal method. It was also noted
that as the porosity of the specimens decreased the
conductivity increased, but not in any linear manner.
Jander and Stamm48 concluded from their d.c. measurements
on a pure alkali-free sintered alumina in air at 10150C
that the mechanism of conduction in this temperature
range is electronic. However, the current voltage
curve does not give a straight-line relationship, but
is slightly curved at voltages under one volt. This
discrepancy is attributed to traces of alkali impurities
which are present in the alumina, and not to any intrin-
sic ionic conduction. Rogener49 postulates that the
mechanism of conduction is electronic for pure sintered
alumina in air between 700*C and 1100*C, under direct
current methods. An activation energy of 2.30 e.V. was
calculated and a linear relationship was obtained when
log 45 versus 1/T*K was plotted, although some hysteresis
was noted the first time the measurements were made below
1000*C. This anomaly disappeared after the specimen was
heated at 1000*C for a long period of time. Different
results in the magnitude of the conductivity were
obtained on two samples, but it is thought that the curve
shown in Figure 3 is the more representative, since the
majority of measurements were made on this sample.
Two investigations have measured the conductivity
of non-sintered alumina as a function of temperature.
Backhaus50 measured the a.c. resistivity of powdered
alumina from 2000C to 1000*C. The conductivity curve
shown in Figure 3 is at a pressure of thirty kilograms
per square centimeter. A study of the effect of
particle size was made, and it was found that as the
particle size increased, the conductivity decreased.
However, it is rather difficult to draw many
r24
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conclusions from this study since, as Oreshkin,
who measured the d.c. resistivity of a pressed
compact from 700*C to 1300*C points out, the resistance
consists of two parts: volume resistance with an
electronic mechanism and a barrier layer resistance
of changing magnitude. Oreshkin found that aging
increased the barrier resistance, but since the compact
was formed under five thousand atmospheres pressure, it
is conceivable that this increase in resistance is due
to recrystallization taking place at the higher
temperatures.
From the previous discussion and from Figures 2
and 3, it can be seen that the electrical conductivity
of alumina in most instances obeys the relationship:5 2
0 R T
An approximate value for the activation energy of pure
alumina appears to be between 2.5 to 3. e.V. However,
it is not entirely clear from the data whether the
mechanism of conduction is electronic or ionic; nor is
it clear whether intrinsic or impurity conductivity
has been measured. Equation (1) is valid for any of
these mechanisms; the activation energy, however, will
depend on the mechanism of conduction.
For intrinsic electronic conduction, the magnitude
of conductivity will be dependent on the temperature
range and oxygen partial pressure, since these variables
will determine the number of conducting excess electrons
or electron holes. The activation energy is the energy
necessary for the formation and movement of lattice
defects. The energy for formation of lattice defects
consists of the energy for the formation of stoichio-
metric defects as well as the energy necessary for the
formation of excess electrons or electron holes. If
impurities are present, however, the energy necessary
to form excess electrons or electron holes may be
dependent on the concentration of these impurities. Im-
purities may also determine the energy necessary for the
formation of thermal defects. Under these conditions,
the activation energy will consist of only the energy
necessary to form and move the electrical defects.
For intrinsic ionic conduction, the magnitude of
conductivity will be dependent on the temperature which
fixes the concentration of lattice defects. It is also
necessary to control the oxygen partial pressure in
equilibrium with alumina, since small deviations from
stoichiometry may obscure any ionic conduction. The
activation energy consists of the energy necessary for
the formation and movement of lattice defects which are
capable of contributing to ionic conduction. At lower
temperatures the activation energy may be identical to
the high-temperature activation energy. If impurities
are present, however, the activation energy will
consist only of the energy necessary for the movement
of lattice defects, since the defects will be inde-
pendent of temperature.
Thus, the large variations in activation energies
and magnitude of conductivity which previous investi-
gators have reported may be due to the variations in
purity, in oxygen partial pressure, and in the temper-
ature range, as well as to the experimental difficulties
encountered due to polarization and contact resistance
effects.
In addition to the above-mentioned variables, the
effect of microstructure must be considered for poly-
crystalline alumina. The effect can cause serious
deviations in both the activation energy and magnitude
of conductivity, since the grain boundaries, grain size,
and porosity can affect the electric field gradient.
In conclusion, therefore, in order to obtain mean-
ingful electrical conductivity data for alumina, it is
necessary to consider the purity, the oxygen partial
pressure, the temperature, the frequency of the measure-
ments, the orientation of single crystals in the electric
field, and the microstructure of the polycrystalline
specimens.
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C. Electrical Conductivity of Zirconia-Calcia Solid Solutions.
One of the problems with which this investigation is concerned
is the determination of the mechanism of conduction in alumina. One of
the methods which has been suggested in the literature for determining
the oxygen ion conduction in a mixed conductor such as alumina involves
the use of a galvanic cell, which utilizes an oxygen ion conductor. A
useful solid electrolyte for this investigation, therefore, should
fulfill the following conditions:
1. It must have defects in the oxygen sublattice (interstitial
ions or vacancies).
2. It must be sufficiently stable with respect to the electrodes.
3. It must exhibit complete ionic conductivity under the oxygen
partial pressures involved.
Because of temperature requirements, these conditions can
only be met by stable refractory oxides or their solid solutions; in
particular, those oxides which exist only in one valence state. Suit-
able pure oxides are, however, relatively poor conductors of electricity,
even at high temperatures. The required properties are rather obtained
with solid solutions, as was first shown by Nernst53 and later summarized
by Wagner and others.
5 4
,
5 5
Several solid solutions of oxides with a defect oxygen lattice
are known.16-23, 53-60 Of these, the zirconia-calcia system appears to
be best suited for this investigation, especially with respect to the
effect of ambient oxygen pressure, ease of fabriation, and temperature
stability. The isomorphous substitution of calcium ions for zirconium
ions in the zirconium oxide lattice causes the formation of a cubic
solid'solution of the calcium fluoride type. 17 ,1 8  attice parameter
and pycnometric density determinations indicate that this structure
contains anion vacancies.19,20 These are formed in order to maintain
the lattice electrically neutral. A vacancy is formed for each zirconium
ion isomorphously substituted for by a calcium ion. By analogy,57 it is
probably correct to say that four metal ions are randomly distributed
on the cation sites, and similarly, the oxygen ions and oxygen ion
vacancies are statistically distributed on anion sites. At 1200*C the
defect fluoride lattice extends from ten to twenty mole per cent calcia.
At higher temperatures, the composition range is larger.19 Presumably
even at high temperatures the number of vacant cation sites is rather
small, and, consequently, the cationic part of the conductivity is also
small. The electrical conductivity of these solid solutions, however,
increases rapidly with temperature.,9 Evidently the movement of oxygen
ions via vacancies is facilitated by the increased disorder in the
lattice. For solid solutions of this type, (84.9 mole per cent zirconia,
and 15.1 mole per cent calcia), Hund found a linear relationship between
log 4 and l/T*K in the temperature range 500*C to 1200*C, with an
activation energy of 1.21e.V. The specimens were fired at 1500*C and
conductivity measurements were made with a Wheatstone Bridge at one
thousand c.p.s.
Likewise, the conductivity increases with increasing amounts
of solute oxide, 58,59 but the first additions are by far the most
effective. At higher concentrations, the conductivity is practically
independent of composition.
2 C)
However, there are indications as is evidenced by the cerium
o We 60oxide-lanthanum oxide system that a maximum in the total conductivity
can occur at fairly low solute concentrations with a decrease at higher
additions of lanthanum oxide. It is assumed that the mobility of the
oxygen ions decreases with increasing amounts of lanthanum ions in the
lattice. A decrease of mobility of the vacancies is also inferred from
61
the work of Peters and Hauffe. In this case, it is possible that the
contribution of electronic conductivity was not considered. It is known
that the cerium ion has several valence states. Thus, cerium oxides
are subject to electronic conductivity and the measured total conduc-
tivity is not necessarily due to a vacancy movement alone. In particular,
the electronic conductivity may be less at higher solute concentrations.
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Trombe and Foex have measured the resistivity of the entire
zirconia-calcia system at 1300*C in air. They found that the resistivity
of zirconia decreased rapidly as the composition changed, with the
structure of zirconia changing from monoclinic to tetragonal. A minimum
in the resistivity appeared at twelve mole per cent calcia, the beginning of
the fluorite-type cubic phase. Further isomorphous substitution of
zirconium ions for calcium ions caused the resistivity to rise slowly.
This again is difficult to reconcile with other reported results in the
literature. The mechanism of conductivity is due to the movement of
oxygen ions, and the substitution of calcium ions for zirconium ions
should either cause the conductivity to increase or become independent
of the concentration.
In any event, it is evident that zirconia-calcia solid
solutions with a fluorite-type crystal structure are oxygen ion conductors.
When the solute concentration is high enough, the concentration of lattice
vacancies is independent of the temperature. Under these conditions,
the electrical conductivity is also independent of the oxygen partial
pressure.
III. VARIABLES AFFECTING THE ELECTRICAL CONDUCTIVITY OF
ALUMINA AND ZIRCONIA-CALCIA SOLID SOLUTIONS
In this section, factors which might be expected to affect
the electrical conductivity of single-crystal and polycrystalline
aggregates will be considered.
The predominant type of conduction which an oxide exhibits
will depend on the type of defect, since the defect governs whether
ions (positive or negative), quasi-free electrons, or positive holes
move in the oxide when an electric field is applied. If only Frenkel
and Schottky-type defects are formed in an oxide, (i.e., the crystal
remains stoichiometric), then ionic conduction should predominate. If,
however, the oxide becomes non-stoichiometric through an excess or
deficiency of one component, electronic conduction can become predom-
inant since the mobility of the excess electrons and positive holes is
much greater than that of ions.
The purity is also of importance since small concentrations
may decisively determine the energy necessary for the formation of
electron holes or excess electrons. Larger concentrations may intro-
duce defects in the lattice which will then govern the type of conduction.
A. Effect of Composition.
1. Zirconia-Calcia Solid Solutions:
As has been discussed in an earlier section, zirconia-calcia
solid solutions form a fluorite-type structure with vacancies in
the anion portion of the lattice. Most studies of electrical
conductivity seem to indicate that the conductivity is directly
proportional to the calcium oxide addition, that is, directly
proportional to the oxygen ion vacancies. At high concentrations,
however, the conductivity becomes practically independent of com-
position. In any event, it appears that oxygen ion mobility is
responsible for the electrical properties.
The effect of oxygen partial pressure on a structure of this
fluorite-type phase should be negligible, since the high concentration
of vacancies is fixed by the composition. However, the interaction
of oxygen with the lattice at high oxygen partial pressures will tend
to create the electron holes according to the following relation:
1 6
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%0 2 (g) + 0 = 0 (1 +20 (2)
At low concentrations of disorder, quantitative relationships can
be formulated by assuming the validity of the law of mass action.
Thus: 2
C~ pp02
Inasmuch as the concentration of oxygen ion vacancies is determined
by the composition, and the concentration of lattice oxygen ions
remains constant, Equation (3) reduces to the following:
C K2 PP0 1/4 (4)C) = p02
The partial conductivity, , is due to electron holes and is
given by the relation:
= Fu C (5)
where F is the Faraday constant and is the mobility of the
electron holes.
Substitution of Equation (5) in Equation (4) yields:
= Fu, K2 pp/ (6)
Similarly, at low oxygen partial pressures, there will be a ten-
dency for the formation of excess electrons, according to the
relations: 16,61
0( = 00 + 02 (g) + 29 (7)
(1)
2 %
C C 02
K3  =0 (8)
CO=
(1)
- 1/4 (9)C = K4 pp0 2 9
= Fu C) (10)
Fu - 1/4
Fu0 K3 pp02
Inasmuch as the mobility of the electron holes and the excess
electrons is much larger than ion mobility, the conductivity at
high and low oxygen partial pressures will increase as the one-
fourth power of the oxygen partial pressure, if these defects are
appreciable.
As a first approximation it may be assumed that the ionic
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conductivity is independent of the oxygen partial pressure.63
Hence, the total conductivity, 6! , will be given by:
0 in 1/4 + 
-1/4 (12)
ion + 02  +f pp 0 2
2. Alumina:
The reported measurements on the conductivity of pure alumina
appear to indicate that alumina is a mixed conductor and that the
mechanism and magnitude of conductivity at constant temperature
depend on the stoichiometry of the crystal. Thus, the mechanism
and magnitude of conductivity should be a function of the oxygen
partial pressure.
Since the type of stoichiometric thermal defect of alumina is
not known, various models involving possible types of defects will
be considered.
Formulas have been derived to show how the electronic conduc-
tivity of pure alumina varies as a function of the partial pressure
oxygen. At low oxygen partial pressures, the lattice will tend to
lose oxygen ions from lattice positions by virtue of the reactions:
6 3
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0(1) 0 + 02 (g) + 2 <
0 = 2 02 (g) + 2G
M (13)
= +3  +33/2 0 + A1 = 3/4 02 () + Al. + 30(1) (1)
3/2 0 + Al+ = 3/4 02 (g) + 3 JO(1) U
UIi~
Application of the law of mass action to Equation (13) yields:
2 %
C pp C =6 02 0.
K =
5 
~ C
C3 PP 3/4 A. (14)C) p02 CAl+3(4
6
K -
3/2
CO CAl+3(1) ( 1 )
3 3/4
Ce pp0
7 ~ 3/2
0 = C +3
(1) 0
The concentration of lattice oxygen ions and lattice aluminum ions
will remain virtually constant with small changes in the stoi-
chiometry of the crystal at low oxygen partial pressures. If one
also assumes that the change in concentration of oxygen ion
vacancies, oxygen ion interstitials, aluminum ion interstitials,
and aluminum ion vacancies is small in comparison to the concen-
tration of these defects when the crystal is stoichiometric, then
these concentrations will also remain constant. Equation (14)
will thus reduce to an expression similar to that of Equation (11),
and the conductivity due to excess electrons is expressed as:
-= Fu K -/ (15)
If one assumes, however, that the change in concentration of oxygen
36
ion vacancies, oxygen ion interstitials, aluminum ion interstitials,
and aluminum ion vacancies due to the low oxygen partial pressures
is not small in comparison to the concentration of these defects
when the crystal is stoichiometric, then Equation (14) will take
the form:
C = K pp- 1/6
C = K, pp0 2C- = 10 02
C = K pp- 3/166 1 0 2
C - 3/8
= K12 0 2
for 0
for 0
+3for Al.
1
+3for Al+
(16)
due to the relationships:
CO= = 1/2 C
0. e
CO = 1/2 C
C +3 = 1/3 CAl.i 9
C +3 = 1/3 CAl~ Q
Substitution of Equation (10) in Equation (16) yields:
6 = Fu K -1/60 13 P02
= Fu K -1/2
Fu, K p-3/16
=O F K15 02
Fu K -3/8
0 16 02
(17)
(18)
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Thus, at low partial pressures of oxygen, the electronic conductivity
of alumina due to excess electrons should be proportional to either
-1/4, -1/6, -3/16, -1/2, or -3/8 power of the ambient oxygen
pressure, provided the mobility of the excess electrons is inde-
pendent of their concentrations.
Conversely, at relatively high oxygen partial pressures, the
oxygen sub-lattice may tend to gain oxygen ions from the surrounding
gas by virtue of the following reactions:
6 3
,
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0 + 1/2 02 (g)
1/2 02 (g)
S0 + 2
= 0~ + 2(D
3/4 02 (g) = 3/20 + Al + 3(@(1) + 1
(19)
+33/4 02 (g) + A1.
:1
+3=
= Al + 3/2 0 + 3(E)(1) +(1) +
If the assumptions of constant concentrations and then dependent
concentrations are made, the partial conductivities, (. due to
holes are:
Ft K1 7 p
Fu K19 18 p
Fth K1 9 p
Ft K2 0 p
Fu K(9 21
1/4
p0 2
1/2
0 2
1/6
p0 2
3/16
0 2
3/8
0 2
for all defects of constant
concentrations
for 0 of dependent
concentrations (20)
for 0 of dependent concentrations
+3for Al of dependent concentrations
a
+3for Ali of dependent concentrations
Thus, at relatively high oxygen partial pressures, the conductivity
electron
4=
I
) C)
of alumina should be proportional to the one-fourth, one-half, one-
sixth, three-sixteenths, or three-eighths power of the ambient
oxygen partial pressure, provided the mobility of the electron
holes is independent of their concentrations. Table I summarizes
these conditions.
As the first approximation it may be assumed that the ionic
conductivity, fion, is independent of the oxygen partial pressure.
Hence, the total conductivity, 3 , will be given for the above
conditions by:6 3
o -1/4 o 1/4
io n +CO pp 0 2  p 0 2
= f. + pp51/6 + o 1p/2ion 6 2 (21)
i -1/2 o 1/6
=6pion + 0 O2 +6 02
i -3/16 0 
3/8
=3ion +( pp02  & 0 2
+60 -3/8 0 3/16
pp0ion & :02 d 02
As a limiting case, a plot of log 4' versus pp02 may show a
plateau for the fairly large range of log pp02 with ascending
branches at high and at low values of log pp02. Under these
conditions, the plateau gives the value for .ion'
At high oxygen partial pressures the second term of the right-
hand member of Equation (17) may be disregarded. Thus:
log (i- ) = log + 1/4 log pp 0  if pp 1
log ( - ) = log 6 ' + 1/2 log pp0 0 2 -'l
TABLE I
Summary of the Dependence of Electronic Conductivity on Partial Pressure of Oxygen
Assuming Various Defect Models
Type of Defect
Mechanism
of
Conduction
G)
0.
G
+3
Al.
+3
Al j
+3
Al
0
+3
Al
()
Dependence of 6 on pp0
Constant No. Defects
-1/4
-1/4
1/4
1/4
-1/4
-1/4
1/4
1/4
Dependent No. Defects
-1/6
-1/2
1/2
1/6
-3/16
-3/8
3/8
3/16
log (6 - dion) = log + 1/6 log pp 0 i p 0  1
log (6 - 6in) = log + 3/8 log pp 0  if pp0  1
log (6- -on) = log + 3/16 log pp0 if pp
(22)
Conversely, at very low partial pressures of oxygen, the third
term of the right-hand member of Equation (17) may be disregarded.
Thus:
0log (-' ion) = log d-
0
log (6- 6 ion) = log
0
log (6- &ion) = log 6 _(9
0
log ion,~,) = log d(9
0
log( (-'rion) = log 6-
In the above discussion
a mixed conductor. In order
suggested in the literature,
- 1/4 log pp02 if pp0 2
- 1/6 log pp02 if pp0  4* 1
- 1/2 log pp02 if pp02< 1 (23)
- 3/16 log pp02 if pp02
- 3/8 log pp02 if pp 02< 1
it has been postulated that alumina is
to test this assumption, a technique
65,66 for the suppression of either
electronic or ionic conduction in a mixed conductor can be used.
This technique was first used by Hebb65 to determine either
the ionic or electronic conduction in silver sulfide by the sup-
pression of the other component. The galvanic cell used to sup-
press electronic conduction is shown schematically in Figure 6a. It
consists of two silver electrodes with specimens of silver sulfide,
a mixed conductor (excess electron and silver ion conduction), and
silver iodide, an ionic conductor (silver ion conduction) in
series. When a current is passed in this cell from left to right,
4 t
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the conducting electrons in the silver sulfide initially migrate
to the left-hand side. Since no electrons are supplied at the
silver iodide-silver sulfide interface, a depletion of electrons
will result and cause a concentration gradient. Under steady
state conditions the concentration gradient will balance the
potential gradient and accordingly only silver ions will carry the
electric current. It should be noted that in order to have a cell
of this type function properly, the ionic conductor and mixed con-
ductor must have a common ionic species conducting; otherwise, the
current cannot be passed continuously without the formation of a
new phase. If polarization effects are negligible, the potential
applied to the cell minus the IR drop of the ionic conduction
gives the conductivity due to silver ions in silver sulfide.
In a similar manner, the conductivity due to oxygen ions in
alumina may be determined by using an oxygen ion conductor in
series with alumina. The cell which is schematically shown in
Figure 6b consists of two reversible oxygen electrodes, which are
in series with an oxygen ion conductor, ( (0.80 Zr - .2 Ca)01.80 '
and the mixed conductor, alumina. Polarization and contact
resistance effects are avoided by measuring the potential drop
across the alumina specimen with probes. Furthermore, to measure
the potential due to only oxygen ion conduction, zirconia-calcia
probes are used.
In a manner similar to that discussed above, when a current
is passed in this cell from left to right under steady state
Current
(a )
Current
Pt,0 2
+- 2e~
Pt, 02
*- 2e~I IO
Probes
(0.80 Zr - 0. 20 Ca ) 01.8o
( b)
Figure 6. Cells for the Suppression of Electronic Conductivity
in Mixed Conductors by the Use of Ionic Conductors.
r .1,.
conditions, the concentration gradient will be balanced by the
potential gradient, and accordingly only oxygen ions will carry
the current.
If the conductivity measured in this manner is equivalent
to the conductivity measured by a.c. methods, which measure total
conduction, the conduction mechanism can be assumed to be completely
ionic.
B. Effect of Temperature.
It can be shown that for the formation of Schottky and Frenkel-
type defects in simple ionic crystals, the equations:
no.6 = n, exp [- E/2 RT (24)
n = nL exp (- E/2 RT (25)
give the number of defects formed as a function of temperature. The
main limitations to these equations is that the degree of disorder is
small in comparison to unity. Equations (24) and (25) are only approx-
imations, since the oscillations frequencies of ions surrounding
occupied interstitial positions may be considerably changed in comparison
to ions on normal lattice sites. As a result, factors which differ
appreciably from unity may arise.
Similarly, it can also be shown that if only electrostatic
interactions between rigid ions are taken into account, the energies
of disorder which would be calculated would be of the order of magnitude
of lattice energies. If this were the case even at accessible temperatures,
the degree of disorder would be so small that no observable effects
would be noted. However, because of polarization in the dielectric
medium near a position of disorder, a second term in the energy term
will arise. This will be of the same order of magnitude as the lattice
energy, but of opposite sign. The energy of disorder according to Jost
is then the difference in these two values.
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From Equations (24) and (25) one immediately can see that as
the temperature is increased, the amount of disorder is increased. The
magnitude and temperature dependence of ionic conductivity and diffusion
coefficients in oxides, which are related by the Nernst-Einstein relation-
ship, are dependent on the concentration of lattice defects, which
contribute to the conduction process, and on the energy required for the
movement of these defects through the lattice. The ionic conductivity
will, therefore, be given by the equation: 67
=d exp RT(E + u) (26)
This expression will adequately describe the ionic conductivity
of a solid as long as the defects are a thermal equilibrium number. If,
however, the concentration of lattice defects are not an equilibrium
number, the conductivity is determined only by the energy necessary
for the motion of a defect, and is expressed by:
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= exp -u/RT (27)
Thus, when a plot of log 6( versus 1/T*K is made, there will
be two straight-line portions. The high-temperature activation energy
will be related to the number of defects in thermal equilibrium with
the lattice, (intrinsic conductivity), while lower portions will be
dependent on the number of non-equilibrium defects which may be caused
by the previous thermal history or by impurities.
In the case of the zirconia-calcia solid solutions, the
activation energy will be the energy required to move an oxygen ion,
since the concentration of oxygen ion vacancies is fixed by the com-
position. The conductivity as a function of temperature will thus be
expressed by Equation (27).
In the case of ionic conduction in alumina, the high-temperature
activation energy will be the energy necessary for the formation and
movement of interstitial ions or vacancies. The conductivity in this
temperature range will thus be expressed by Equation (26). At lower
temperatures, the activation energy may be similar to the high-temperature
activation energy. If impurities are present, however, the activation
energy will only be the energy necessary for the movement of interstitial
ions or vacancies. The conductivity in this case will be expressed by
Equation (27).
Equations (20 and (27) will also be valid for electronic
conductivity. At high temperatures the activation energy will correspond
to the formation and movement of lattice defects. In this case, however,
the energy necessary for the formation of a lattice defect will include
the energy necessary to form thermal defects as well as electron holes
or excess electrons, as is indicated by Equations (13) and (9). The
formation of electron holes and excess electrons, however, may be
dependent on the impurities present, particularly variable valence ones
such as iron. Equation (26) will still be valid, since the number of
thermal defects will be an equilibrium number. If the number of thermal
defects are not an equilibrium number due to impurities in the lattice
or to the previous thermal history, however, the activation energy
necessary for conduction will consist only of the energy necessary for
the formation and movement of the electrical defects. The conductivity
as a function of temperature will then be expressed by Equation (27).
C. The Effect of Polycrystallinity.
Broadly speaking,70 polycrystalline semi-conducting oxides
are of two kinds: those for which d.c. current versus voltage character-
istics are strongly non-linear (as it is for metal rectifiers as non-
linear resistors of the bonded-aggregate type), and those for which
they are not. In the first kind, by accident or by design, the effects
of the barrier (as distinct from regions of perfect contact) at inter-
granular boundaries are predominant; in the second kind, they are not,
and the resistance and dielectric behavior differ accordingly. Since
the early work of Maxwell, Schweidler, and Wagner, it has been known
that an inhomogeneity in a dielectric can give rise in a steady electric
field to absorption, and in alternating electric fields to dispersion.
The essential features of what has become known as the Maxwell-Wagner
theory is the representation of the dielectric aggregate as cells or
laminate possessing different time constants. The simplest model
involves two such units and leads to the equivalent circuit shown in
Figure 7a.
Fairweather71 makes the following approach to the effect of
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grain boundaries on electrical properties of polycrystalline materials.
Consider one of several contacts existing between a pair of grains.
Individual grains are both uniform and identical in composition and
free from loss other than that arising from d.c. conduction in the
frequency range under consideration. There is a combination of capaci-
tance and resistance associated with the bulk of each grain; it has a
time constant which is a basic parameter directly related to the material
of the grain. In series with this combination, there is another effect
associated with the intergranular boundary; this has two portions in
parallel. One arises from the region of perfect contact and has a time
constant identical with that of the bulk of the granules because the
material involved is the same. The other arises from gaps or barriers
between regions of perfect contact, and at sufficiently low voltages
behaves nearly as a pure capacitance because there is no d.c. conduction
through the barriers. At sufficiently high voltages, however, it behaves
as a voltage dependent capacitance in parallel with a voltage dependent
resistance. The overall time constant of the intergranular boundary is
accordingly different from that of a grain. The size and the configur-
ations of individual grains and their associated intergranular boundaries
(in particular, the relative extents of contact and contact imperfections),
will, of course, not be the same throughout the actual aggregate. This
will lead to a distribution of time constants and to a corresponding
difference in detail, but not in principle, in the behavior to be
expected from an actual aggregate and from the idealized one discussed
so far.
The barrier portion of the boundary resistance can be made
insignificant by utilizing either high frequencies or low frequencies
in conjunction with a superpositioned direct bias-voltage. This direct
bias-voltage according to the authors should be large enough for barrier
conduction to predominate over contact conduction, or that the contact
temperature be high enough and, therefore, the contact resistance be
low enough for contact conduction to predominate. From their measure-
ments on a series of magnesium-aluminum ferrites, Fairweather and Frost
were not able to conclusively prove which of the latter two mechanisms
was predominant, although they indicated that the thermal theory seemed
most reasonable.
Koops72 and others73,74 have measured the resistivity and
dielectric constant for a number of ferrites as a function of frequency
and concluded that the dispersion obtained at high frequencies was due
to the grain boundaries. The model proposed for this effect essentially
agrees with the circuit proposed by Fairweather and Frost. A schematic
of this circuit is also shown in Figures 7a and 7b. The dispersion is
based on the assumption that RP and C, the measured resistance and
capacitance, result from an equivalent circuit in which R1 , R2 , C1 , and
C2 are constant. Under these conditions, Koops indicated that RP and CP
are not constant with respect to frequency, but obey dispersion formulas.
Under these conditions, Koops arrives at the model shown in
Figure 8. The solid is imagined to consist of well-conducting grains
separated by poorly-conducting layers as the current flows along a
parallel alignment of grains, with sideway admittances being neglected.
The ratio of the thickness of the boundary to the thickness of the layers
Ap2 p p2 p
Applied fileld -
a I
Proposed Model of a Polycrystalline Conductor. Layers
of Poorly Conducting Material Separate the Grains.
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is X, where X< 1 and ,/ 2 10, and k'2 denote the resistivity and
relative dielectric constant of layers (1) and grains (2), respectively.
For such an array, the resistivity, C', and relative dielectric
constant, P, are given by the expressions:
0o
P P+ 2 2 (28)
/P 71+ 2w
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The superscripts, o and *d , indicate the values of the parameters at
zero frequency and at very high frequency.
The assumption is now made that IC 2 This assumption
is based on the knowledge that the true dielectric constant of various
oxides is almost the same (approximately fifteen to twenty). Moreover,
small deviations in stoichiometry might affect 71'l and /2, but such
deviations will probably not affect the true dielectric constant.
Thus, since K = /( , X/ 1, and 2, Equations
(28) and (30) are reduced to:
00
77192
0
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Using calculated values of , 2' , and ' the
author obtained satisfactory agreement between the experimental data
and the dispersion formula with only two relaxation constants.
IV. OUTLINE AND PLAN OF WORK
The purpose of the present investigation is to determine the
mechanism of electrical conduction for alumina and cubic zirconia-calcia
solid solutions at elevated temperatures.
A. Variables.
It has been shown in previous sections that the mechanism of
conductivity, the magnitude of the conductivity, and the activation
energy necessary for conduction in oxides are determined by the type of
defect, the temperature, the partial pressure of oxygen, the crystal
orientation, and the microstructure. These variables have been
controlled and their effect on the electrical conductivity investigated.
B. Experimental Procedure.
1). Polycrystalline specimens were prepared by forming and
sintering under conditions designed to yield specimens of
high density and purity.
2). An apparatus was designed such that the electrical con-
ductivity could be determined at high temperatures and
as a function of the oxygen partial pressure.
3). The electrical conductivity of single-crystal and poly-
crystalline alumina specimens was determined utilizing
both alternating and direct current methods (by two and
four-terminal methods) between 1727*C and 1327*C, with
the partial pressure of oxygen varying from 100 to 10~10
atmospheres.
V_
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The electrical conductivity of the two zirconia-calcia
solid solutions was determined by an alternating current
method between 17270C and 7270C, with the partial pressure
of oxygen varying between 100 and 10-10 atmospheres.
4). The ionic conductivity in single crystal alumina was
determined utilizing a galvanic cell in the temperature
range 16000C to 1327*C.
5). The thermoelectric power of single-crystal alumina was
determined at 1527*C as a function of the partial pressure
of oxygen, the range being from 100 to 10~10 atmospheres.
V. EXPERIMENTAL
A. Preparation of Specimens.
1. Single-Crystal Alumina:
Single crystals of alumina were obtained from the Linde Air
Products Company. (Spectrographic analyses are given in the
Appendix.) The two specimens used for the electrical conductivity
measurements were cut from the same boule. One specimen was used
for two-terminal measurements, while the other was used for the
four-terminal measurements. The specimen for the four-terminal
measurements required two holes of twenty-thousandths of an inch
diameter to be drilled along its length; this was done with a
Raytheon Ultrasonic Impact Grinder. Before being assembled, the
specimens were boiled in hydrochloric acid for one hour to remove
possible surface contaminations, thoroughly washed with distilled
water, and rinsed with acetone. The specimens were measured with
the c-axis approximately sixty degrees to the rod axis of the
specimen. For the thermoelectric power measurement, a single-
crystal rod of this same orientation was used.
2. Polycrystalline Alumina:
Polycrystalline alumina specimens were prepared using Linde
Type A polishing powder as the starting material. (Spectrographic
analyses are given in the Appendix.) The grain size of the original
powder was approximately three-tenths of a micron. To obtain a
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distribution of particle sizes for the fabrication of a dense
compact, the material was calcined in air at 15000C for ten hours
in a platinum crucible.75 In order to be able to compact the
powder into a sample of approximately one-inch diameter by five
inches in length, twenty-six per cent by volume of DuPont Elvanol
Polyvinyl Alcohol, Grade 51-05, an ashless binder and lubricant,
was added to the powder. The powder was tamped in a rubber mold
of approximately one and one-half inch diameter by seven inches in
length with a polystyrene rod, evacuated, and hydrostatically
pressed at thirty thousand pounds per square inch, using a chamber
designed by Wygant.76 Following this, the sample was calcined at
1100 0C, machined on a lathe with a tungsten carbide tipped cutting
tool to the desired dimensions, and then sintered at 19000C for
seven hours.
After firing, two discs were cut from the large sample for the
electrical measurements. The surfaces of the specimens were ground
and polished flat and parallel, using diamond laps and polishing
wheels. For the four-terminal measurements, it was necessary to
drill one of the specimens with two holes of twenty-thousandths of
an inch diameter along its length. This was done with a Raytheon
Ultrasonic Impact Grinder. Before being assembled for measurement,
the specimens were boiled in hydrochloric acid for one hour to
remove possible surface contaminations, thoroughly washed with
distilled water, and rinsed with acetone.
5?
3. Zirconia-Calcia Solid Solutions:
Two compositions in the cubic solid solution field of the
zirconia-calcia system were prepared, these being of approximately
fifteen and twenty mole per cent calcia. The starting materials
were zirconia and calcium carbonate (see Appendix).
The weighed materials were dry mixed for ten hours in a
specially prepared mixing bottle, calcined at 13000C for ten hours
in order to form the solid solution, and then formed as described
in the procedure for the polycrystalline alumina, except for the
sintering temperature which was 2000*C. The chemical analyses of
the two solid solutions are given in the Appendix.
B. Design of Apparatus.
The task to be performed by the apparatus was the measurement
of electrical conductivity of various specimens as a function of temper-
ature and partial pressure of oxygen. The essential features desired
of the apparatus were as follows:
(1.) Attainment of temperature in the range of 1300*C
to 18000 C.
(2.) Maintaining a constant temperature for relatively
long periods of time.
(3.) Attainment of a constant temperature zone.
(4.) Accurate means of temperature measurement.
(5.) Accurate atmosphere control and means of varying
the same over wide limits.
(6.) Flexibility and eama of assembly of specimens of
various sizes for both two and four-terminal
electrical resistance measurements.
(7.) Accurate methods of determining electrical
conductivity.
1. Furnace Design:
A zirconia-lined gas-air-oxygen firing muffle furnace was
decided upon as being most suitable (see Figure 9). The interior
wall was fabricated of dense zirconia in order to decrease radiant
energy heat transfer at high temperatures.78 The dense rings were
fabricated by making a plastic mass of a mixture of seventy per
cent by weight of coarse-grained zirconia (Norton Company 36F)
and thirty per cent by weight of fine-grained zirconia (average
particle size of two microns). Three per cent by weight of corn-
starch was added as a binder and the mixture was tamped into a
semi-circular mold of the desired size. Before being placed in
the kiln, the rings were fired to 1500*C and then cut with a diamond
cut-off saw in order to obtain a good fit. The outer portion of the
kiln was made of powdered zirconia, since a porous medium offers the
best insulation at lower temperatures. The top of the kiln was
lined with K-30 insulating brick and exhaust tubes for the burned
gases extended to the top of the hot zone. The gas burner ports
are staggered and tangentially located with respect to the inside
wall to increase the length of the uniform temperature zone and to
enhance the ease of firing. The entire kiln was enclosed by a
steel shell.
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A) K-30 insulating brick
B) Zirconia grog
C) Zirconia rings
D) Alumina base plate
E) Burner port (1 of 2)
Figure 9. A Cross-Section of the High-Temperature Electrical
Conductivity Furnace.
In order to have a system in which the atmosphere can be
controlled and varied, it was necessary to seal the inner tube
where the sample was located. This was accomplished by placing
silicone rubber gaskets inside of water-cooled brass plates. The
top plate was also used as part of the sample holder, while the
bottom plate, which was spring loaded, supports the alumina tube.
Two holes were located in this plate, one to allow the atmosphere
control gases to enter and the other, which was covered with a
glass plate, to measure the temperature in the hot zone of the
kiln.
The muffle tube was a gas-tight Morganite "tricrystallized"
alumina tube of two and one-eighth inches outside diameter, one-
eighth inch wall thickness, and thirty-six inches in length.
2. Temperature Control, Uniformity, and Measurement:
One of the unsatisfactory features of a gas-fired furnace is
the difficulty encountered in maintaining a constant temperature
due to fluctuations in the input pressure of the gas, air, and
oxygen. To improve this, gas, air, and oxygen regulators were
used. The gas regulator, (Fisher 730 CT), controlled the gas
pressure at four ounces of water; the air regulator, (Mason Neilan
Number 71), controlled the air pressure at ten pounds per square
inch; the oxygen regulators, (Airco gauges), were each capable of
supplying up to fifteen liters of oxygen per minute.
The furnace was heated by two Fisher Precision Blast Burners.
To obtain a relatively long uniform temperature zone, alumina
radiation shields were placed on both sides of the ten-inch
central section inside the alumina tube. These shields were
drilled with small holes in order to allow the atmosphere control
gases to pass through the tube.
The temperature was controlled manually by adjusting the
ratios of gas, air, and oxygen. The amount of air and oxygen
necessary for a particular temperature was determined empirically,
and once a particular temperature had been attained, the volume of
air and oxygen as noted by the manometers on the air lines and
floats in the oxygen gauges were noted and used for future runs.
To determine the length of the uniform temperature zone within
the alumina tube, a platinum, platinum-ten per cent rhodium thermo-
couple was used. Once a constant temperature had been attained,
the thermocouple was moved both parallel to the length of the tube,
and across the diameter of the tube. It was found that up to
temperatures of 1600*C a zone of approximately three inches in
length was within +30C. Since the longest specimen was approxi-
mately of one-inch length and was located at the center of this
zone, no appreciable temperature gradient existed along its length.
Diametrically, the temperature was within + 20c, and with the
addition of the alumina radiation shields, the uniformity and
length of this zone are probably enhanced.
The temperature, which was measured by an optical system and
a portable Leeds and Northrup optical pyrometer, was checked against
a standardized platinum, platinum-ten per cent rhodium thermocouple
by reading the temperature of the hot zone simultaneously with both
instruments. The optical system which consisted of a mirror and an
optical pyrometer was first calibrated using standard methods.7 9
The temperature of the uniform temperature zone measured optically
and with a thermocouple was within + 3*C.
3. Electrodes:
One of the problems which arises in carrying out electrical
measurements is contact resistance, particularly when two-terminal
measurements are attempted. Difficulties arise either from initially
poor surface contact, or from creep of components at high temperatures
used to effect an initial good contact. One method of reducing
initially poor contact is to sputter, evaporate, or weld electrodes
of low resistance on the surface of the sample.80 This method was
not successful due to volatilization of this layer at temperatures
above 1300*C. Another method of minimizing contact resistance is
by four-terminal probe measurements. To make this type of measure-
ment successful, continual good contact with the surface of the
specimen is required, and at high temperatures this is a problem,
since the only metals capable of withstanding both high temperatures
and varying atmospheres for long periods of time are the noble metals
and their alloys, which unfortunately creep. This can be overcome
by placing the probes in drilled holes along the length of the
specimen. To insure that the true conductivity was being measured,
it was decided to make both two and four-terminal measurements.
For the two-terminal measurements it was desirable to have an
alloy which would flow under moderate forces at high temperatures,
since this enhances the possibility of decreasing contact resistance.
Using what data were available in the literature,81 and by experi-
mentally trying various metals and alloys, it was found that a
platinum-forty per cent rhodium alloy was best suited for the
conditions of this investigation.
Both electrodes and lead wires were fabricated from this alloy.
The electrodes are of identical cross-sectional area as the
specimen and three-thousandths of an inch in thickness. These
were placed on each face of the specimen. The lead wires, which
were strips of one-eighth inch width and three-thousandths of an
inch thickness were attached to the discs by heating the alloy in
a gas-oxygen flame and pinging them with a hammer until a weld was
attained. These strips extend into a cooler portion of the kiln
and were then attached to wire of twenty-thousandths of an inch
diameter in an identical manner. These wires were then led out of
the kiln. Inside the tube, the wires were covered with alumina
insulators to protect them against possible short circuits and to
increase their life.
For the four-terminal measurements, an additional two probes
are necessary to measure the voltage drop across the specimen.
The probes, which are wires, were placed in the drilled holes and
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led out of the kiln in the same way as previously described.
Another type of four-terminal measurement necessitated the use
of zirconia-calcia probes. Electrical contact was attained with
these by wrapping wire around them and then coating them with a
thin layer of alumina cement.
For the thermoelectric power measurements, electrical contact
was made with the specimen by wrapping wire around the ends of the
specimen and then coating them with a thin layer of alumina cement.
4. Sample Holder and Assembly:
The design of the sample holder is shown in Figure 10.
Essentially it consists of a water-cooled brass plate in which is
located a compression gland to support two stainless steel rods.
Attached to these rods were two polycrystalline tubes of alumina,
to which, in turn, were attached two threaded ten-inch single-
crystal rods of alumina of one-quarter inch diameter. Single-
crystal rods were used in the hot zone in order to eliminate grain
boundary creep, which produces a larger elongation than plastic
deformation of single crystals at high temperatures.82 This
feature improves the possibility of continued good contact between
electrode and specimen once this contact is obtained. A center rod,
fabricated of polycrystalline alumina, was spring loaded, and
beneath it were located the specimen and electrodes. The entire
assembly of rod and specimen was supported by an alumina platform which
was held in place by two single-crystal nuts. By tightening the nuts,
specimens were put in compression. The lead wires from the electrodes
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Figure 10. A Cross-Section of the Sample Holder.
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were taken out of the kiln through two holes in the brass plate.
These holes had Teflon placed in them as lead-through insulators.
For the thermoelectric power measurements, a single-crystal
specimen of approximately one-eighth inch diameter and four-inch
length was placed in the kiln so that one junction was in the hot
zone, while the other junction was in a cooler portion. Platinum,
platinum-ten per cent rhodium thermocouples were placed at these
two junctions in order to accurately determine the temperature
gradient.
5. Atmosphere Control and Variation:
Since the electrical conductivity of oxides depends on the
partial pressure of oxygen in equilibrium with it, it was necessary
to control this variable. There are a number of gases that one may
use in order to vary the partial pressure of oxygen. In this
investigation, mixtures of oxygen-nitrogen and carbon dioxide-
carbon monoxide were used for the range of oxygen partial pressure
of 100 to 10-10 atmospheres in the temperature interval 1300*C to
1750*C. These particular gases were chosen since the amount of
each gas needed to produce the various partial pressures are
easily measurable, since there is no difficulty in gas mixing, and
since they were the safest under the particular experimental
conditions.
In order to have an accurate measure of the partial pressure
of oxygen using the above gases, it was necessary for the initial
gases to be as pure as possible. The gases were purified by passing
__ 
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them through purification chambers prior to mixing and introducing
them into the kiln. The major impurities removed from each gas
along with the methods employed are given in the Appendix.8 3,8 4 A
schematic representation of the gas train and furnace are shown in
Figure 11. Except for short length of Tygon tubing leading from the
gas supply bottles to the purification train and from the mixing
chamber to the kiln, the apparatus was built with pyrex glass,
flexibility being obtained with ground glass joints.
For the relatively high partial pressures of oxygen (100 to
5 x 10-3 atmospheres), oxygen and nitrogen mixtures were used.
The amount of each gas necessary to produce any one atmosphere was
calculated from the relationship that the partial pressure of oxygen
will be proportional to the ratio of the volume of oxygen to the
volume of oxygen plus nitorgen. The flow rate was one liter per
minute and was arrived at by determining the rate necessary to over-
come the resistance of the system and the rate necessary to prevent
thermal diffusion of the gases in the mixture.85 The volume of
each gas was measured by passing it through a calibrated flowmeter.
The gases were mixed in a glass chamber filled with one-eighth
inch diameter glass balls and then introduced into the alumina tube
through an opening in the bottom brass plate. The data and calcu-
lations needed for these atmospheres are given in the Appendix.
For partial pressures of oxygen between 10~4 and 10~10 atmos-
pheres, mixtures of carbon dioxide and carbon monoxide were used by
taking advantage of the reaction, CO2 = CO + 42 02. The free energy
CO HCH
Figure 11. A Schematic Representation of the Gas Purification Train and High-Temperature Furnace.
KEY TO FIGURE 11
A = Heated Palladium Asbestos.
B = Drierite, Anhydrous CaSO 4.
C = Cold Traps.
D = Manometers.
E = Mixing Chamber.
F = Silica Gel.
G = Heated Copper Oxide.
H = Heated Asbestos.
I = Heated Copper.
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change as a function of temperature for this reaction was available
in the literature, and from these data one can calculate the volume
of gases needed to produce the various atmospheres.86 An identical
procedure as that described for the oxygen-nitrogen mixtures was
also used in this case. The data and calculations required for
these atmospheres are reported in the Appendix.
The volume of gases needed to produce the various partial
pressures of oxygen were controlled by placing needle valves at
the beginning of the purification chambers. By maintaining an
entry pressure just high enough to overcome the resistance of the
purification chambers (less than one pound per square inch), the
volume of each gas could easily be controlled. Some of the
purification chambers required heating in order to activate them.
This necessitated the winding of electrical resistance wire to an
asbestos tape which covered the sections to be heated. The power
was supplied from variacs, and during the early stages of the
development before the power requirements for these heaters were
known, copper-constantan thermocouples were attached to the tubes
at numerous points. It was also necessary to determine the temper-
ature of the gases for purposes of calculation, as they entered the
flowmeters. This was done by placing a copper-constantan thermo-
couple within the glass tube and measuring the temperature for the
various flow rates.
6. Electrical Circuits:
In order to determine the electrical conductivity of the
alumina specimens, the two zirconia-calcia solid solution specimens,
the potential of the galvanic cell, and the thermoelectric power of
alumina using both a.c. and d.c. measuring techniques, the following
electrical equipment was used:
a. For the two-terminal a.c. measurements at 1000 and 10,000
c.p.s., a modified Wheatstone Bridge (General Radio, Type
650-A) was used, a schematic of which is shown in Figure 12.
The necessary condition for balance is:87
ZA C X ZB (34)
where ZX, the impedence of the specimen, is given by the
expression:
1 RX +j-W CX (35)
RX and CX are the parallel resistance and the capacitance
of the specimen, respectively. The usual precautions were
taken to avoid stray capacitances. The impedence of the
specimens, ZX, was compared with the impedence, ZC, which
is a variable resistor, RC, shunted by a variable capacitor,
C C. The resistor, RC, has a low self-inductance, while the
capacitor, CC, has a small loss angle. The impedences, ZA
and Z B are the ratio arm resistors of the bridge circuit.
The resistance of the specimen was obtained from the relation-
ship: R A R (36)
P = 
- RC (6
7*2
CIRCUIT FOR MEASURING
ELECTRICAL CONDUCTIVITY
Figure 12. Modified Wheatstone
D = detector
A = amplifier
T = isolation
Bridge Circuit.
transformer
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The electrical conductivity, 0"', in ohm cm was
calculated from the relationship:
L = A (37)
where L was the length of the specimen in centimeters
and A was the cross-sectional area of the specimen in
square centimeters. An accuracy of + 2% may be expected
for these measurements.
b. For the two-terminal a.c. measurements as a function of
frequency (500 to 1 x 105 c.p.s.), a modified Schering
bridge (General Radio, Type 716-C) was used, a schematic
of which is shown in Figure 13. The necessary condition
for balance is: 8 7
ZA Z XP ZB * ZN (38)
The impedence, Z ,. of the specimen consists of a parallel
resistance, R, and capacitance, CX, and are given by
Equation (35). These were determined by a substitution
method and are given by the expressions:
R - R'
4 R (39)
C = A
Cx 4C
where R and R' were the two values of resistance obtained
when balancing the bridge with and without the specimen.
Likewise, 4 C is the change in capacitance obtained by
the above procedure. The conductivity, 6 , was calculated
from Equation (37). The relative dielectric constant, k',
and the dielectric loss tangent, tan S, were calculated
from the following relationships:
XCL
k' = (40)
0 A
tan = (RuJ CX) 1  X ( o k')~1  (41)
where CX is the capacitance in farads, - is the dielectric
constant of vacuum in farads meter , L/A is the cell constant
in meters , W is the angular frequency, is the resistivity
in ohm meters, and RX is as calculated from Equation (39). An
accuracy of + 27. may be expected from these measurements.
c. For the two and four-terminal a.c. method of determining
conductivity from voltage versus current graphs, a vacuum tube
voltmeter of ten megaohms input impedence, (Hewlett-Packard,
400D), was used to measure the potential drop across the
specimen and a standard variable resistor. A schematic of
this circuit is shown in Figure 14a. The conductivity, 6 ,
of the specimen was calculated from the relationship:
I1-L6- V A (42)
where I is the current in amperes, V is the voltage in volts,
and L/A is as previously described. An accuracy of + 3% may
be expected for these measurements.
d. For the two and four-terminal d.c. method of determining
conductivity from voltage versus current graphs, an electro-
meter, (General Radio, Type 1230-A), of at least ten megaohms
input resistance was used to determine the potential drop
Figure 13. Modified Schering Bridge Circuit.
- r-
4f , 10
Specimen D. c.
-- Electrometer
Standard
resistor ,
(b)
Specimen a.c.
-dVTVMt
Generator .-laio
-transformer---_
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resistor
(a)~-
Figure 14. Circuits for Measurement of Four-Terminal a.c. and d.c.
Conductivity.
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across the specimen and a standard variable resistor. A
schematic of this circuit is shown in Figure 14b. The
conductivity, 6t , of the specimen was calculated from
Equation (42). An accuracy of + 3% may be expected for
these measurements.
e. For the thermoelectric power measurements, the d.c.
electrometer was used to determine the potential drop,
.LE, across the specimen which was under a temperature
gradient, 4T. The thermoelectric power, q, was calculated
from the relationship:8 8
AE
q = (43)
T2 - Tj
where AE represents the thermal e.m.f. produced in the
semi-conductor, platinum circuit by the temperature
difference, 4T, at the two junctions. An accuracy of y 3%
may be expected for these measurements.
The precision of the results may be estimated by the standard
deviation from a straight line drawn through a series of experi-
mental points at different temperatures. It is discussed for the
individual materials measured in the section on Results.
The precision as defined above has been found to be in all
cases within + 7%.
C. Operating Procedure:
The operating procedure followed for determining the electrical
conductivity was as follows: the kiln was raised to a temperature of
1727*C and maintained at this temperature by adjustment of the gas-air-
oxygen ratios. The partial pressure of oxygen at which the conductivity
was to be determined was then passed over the sample, with the conductivity
being monitored until it remained sensibly constant for at least a twenty-
minute period. Following equilibrium, the atmosphere was changed and the
identical procedure was repeated, until the entire oxygen range at any
one temperature had been covered. The temperature was then decreased to
the next lower temperature level and the identical procedure was again
followed.
As a function of temperature in a pure oxygen atmosphere, the
electrical conductivity of all specimens was measured at fifty degrees
centigrade intervals. For other partial pressures of oxygen, the
conductivity was measured at least at one hundred degrees centigrade
intervals, the temperature range being 1727*C to 1327*C for the alumina
and 1727*C to 727*C for the cubic zirconia-calcia solid solutions. In
some instances the electrical conductivity at partial pressures of oxygen
other than pure oxygen was measured as a function of temperature in order
to verify existing data. Existing data were also verified by approaching
any one partial pressure of oxygen from both a higher and a lower partial
pressure of oxygen.
Prior to making the galvanic cell measurements, it was
experimentally determined that the maximum temperature at which a surface
reaction between the alumina and zirconia-calcia was not in evidence was
r 
1600*C. Galvanic cell measurements were made mainly at a partial pressure
of oxygen of 10-5 atmospheres, the temperature range being l600c to
1327*C. At 1527*C and 1327*C the electromotive force of the cell was
also determined as a function of the partial pressure of oxygen, the
range being between 100 and 10~10 atmospheres of oxygen. The procedure
followed for these measurements was identical to the one described above.
In the case of the thermoelectric power measurement which was
made at 1527*C over the entire oxygen range, (100 to 10 atmospheres),
the temperature gradient attained was maintained constant throughout the
period of time when the potential drop was measured along the specimen.
D. Density Measurements.
The pycnometer and x-ray densities of the zirconia-calcia solid
solutions were determined in order to be able to calculate the number of
defects per cubic centimeter. For the pycnometer density determinations,
chemically pure toluene and air were used as the two media in which the
weighing was done. The precision of these measurements has been calcu-
lated as + 0.10%.
The x-ray densities were determined by indexing the diffraction
pattern obtained with a Norelco X-Ray Diffraction Unit using copper K
radiation. The unit had previously been standardized with a silicon
specimen. The lattice constant was calculated using the (331) line of
both solid solutions. The precision of these measurements has been
calculated as + 0.01%.
SO)
VI. RESULTS
Experimental results are presented separately for the two
materials investigated. Results which are relevant to the discussion
are included in the main body of the thesis; other results and further
details of results presented here may be found in the Appendix. The
accuracy of the electrical conductivity values has been discussed in
a previous section. The experimental precision achieved for each
material is noted, and it is expressed as the standard deviation from
the smooth line drawn through the experimental points.8 9
A. Zirconia-Calcia Solid Solutions.
The compositions of the two solid solutions and calculated
number and type of lattice defects are given in Table II.
The electrical conductivity of two specimens of these
compositions was measured as a function of oxygen partial pressure,
(100 to 10-10 atmospheres), and temperature (1727*C to 727*C), at
1,000 cps, using a modified Wheatstone Bridge circuit. These results
are shown in Figures 15 and 16. The standard deviation from the
straight line has been calculated as 4.32% for specimen number one
and 2.77% for specimen number two. The activation energy is as noted
on the appropriate figure.
B. Alumina.
1. Single Crystal:
The electrical conductivity of two specimens was determined.
One of the specimens was measured as a function of oxygen partial
pressure and temperature at 10,000 cps with the voltage being less
Fr
TABLE II
Summary of Results for Zirconia-Calcia Solid Solutions
Specimen No. 1:
Composition:
Crystal Structure:
Lattice Constant:
X-Ray Density:
Pycnometer Density:
No. of 0 =/unit cell:
No. of 0 /unit cell:
No. of Cations/unit cell:
Specimen No. 2:
Composition:
Crystal Structure:
Lattice Constant:
X-Ray Density:
Pycnometer Density:
No. of 0 /unit cell:
No. of 0 /unit cell:
No. of Cations/unit cell:
(0.85
Cubic
5.131
5.542
5.477
7.24
0.76
4.0
(0.80
Cubic
5.138
5.367
5.290
Zr - 0.15 Ca)01 .8 3
Fluorite
0A
gm/cm3
gm/cm3
Zr - 0.20 Ca)O 79
Fluorite
A
gm/cm 3
gm/cm3
7.12
0.88
4.0
than 0.70 volts per centimeter using a modified Wheatstone Bridge
circuit. This frequency and voltage were used because below
8,000 cps and above 0.70 volts per centimeter the resistance of
the specimen was not constant. The electrical conductivity of
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Figure 15. The Effect of Oxygen Partial Pressure on the Electrical Conductivity of the Zirconia-Calcia Solid
Solutions.
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this specimen was also measured by a two-terminal d.c. method at
a number of temperatures and oxygen partial pressures. These
results are presented in Figures 17 and 18. The standard deviation
from the straight line has been calculated as 3.56%. The activation
energies calculated at the various atmospheres are noted in the
appropriate figure.
The electrical conductivity of the second specimen was
determined by two and four-terminal a.c. and d.c. measurements at
various temperatures and oxygen partial pressures. These results
are also summarized in Figure 18. Figures 19 and 20 show typical
voltage versus current curves obtained using two and four-terminal
a.c. and d.c. methods for the two specimens at 100 and 10-5 atmos-
pheres of oxygen, respectively. Similar curves at other temper-
atures and oxygen partial pressures are collected in the Appendix.
The standard deviation from a straight line for these measurements
has been calculated as 6.247..
2. Galvanic Cell Measurements:
The ionic conductivity of single-crystal alumina was determined
by four-terminal measurements utilizing the cell, +Pt (02)/A1203 /
(0.80 Zr - 0.20 Ca)01 .8 0/(02) Pt_. The current versus voltage plots
obtained from these cell measurements as a function of temperature
and various oxygen partial pressures are shown in Figures 21, 22,
and 23. Figure 24 presents a comparison between the conductivity
as measured by the d.c. cell and a.c. methods at oxygen partial
pressures of 100, 10-5 , and 10-10 atmospheres. Figure 25 presents
- 4
-6
-7L
0 2 3 4 5 6 7 8 9 10
- log0 [ PP0 /atm ]
Figure 17. The Effect of Oxygen Partial Pressure on the Electrical Conductivity of Single-Crystal Alumina.
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Figure 20. Typical Voltage-Current Curves for the Determination of
Electrical Conductivity of Single-Crystal Alumina.
a comparison between the conductivity as measured by the a.c. and
the d.c. methods at 1527*C and 132700 as a function of oxygen
partial pressure. The standard deviation from a straight line
has been calculated as 6.20%. The activation energies are
presented in Figure 24.
3. Thermoelectric Power:
The thermoelectric power of single-crystal alumina was
determined at 1527*C as a function of oxygen partial pressure. At
an oxygen partial pressure of 100 atmospheres a positive e.m.f. of
298 tcV/*C was obtained, while at an oxygen partial pressure of
10- 10 atmospheres a negative e.m.f. of 277tcV/C was obtained.
4. Polycrystalline Alumina:
The electrical conductivity of three specimens was determined.
For two of these specimens the electrical conductivity was determined
as a function of oxygen partial pressure and temperature, using a
modified Wheatstone Bridge circuit. The first of these specimens
was measured at 10,000 cps and at a voltage of less than 1.00 volts
per centimeter. The effect of grain boundary resistance was also
determined for the specimen at temperatures of 1727*C and 1427*
at oxygen partial pressures of 100 and 10-5 atmospheres, respectively.
These results are shown in Figures 26 through 31. The standard
deviation from a straight line has been calculated as 3.32%. The
calculated activation energies are shown on the appropriate
figures.
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Figure 21. Voltage-Current Curves as a Function of Temperature for the Determination
of Ionic Conductivity of Single-Crystal Alumina.
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Figure 22. Voltage-Current Curves as a Function of Oxygen Partial Pressure for the Determination
of Ionic Conductivity of Single-Crystal Alumina.
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The electrical conductivity of the second specimen was also
determined as a function of oxygen partial pressure and temperature
at 1,000 cps, using a modified Wheatstone Bridge circuit. These
results are presented in Figures 32 and 33. Also included in
Figure 33 is the temperature dependence of conductivity of the
first specimen in pure oxygen at 1,000 cps. The standard deviation
from a straight line has been calculated as 2.61%. The activation
energy is as indicated in Figure 33.
The electrical conductivity of the third specimen was deter-
mined by four-terminal a.c. measurements at a number of temperatures
and oxygen partial pressures. These results are presented in
Figure 27.
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Figure 26. The Effect of Oxygen Partial Pressure on the Electrical Conductivity of Polycrystalline Alumina.
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VII. DISCUSSION OF RESULTS
A. Zirconia-Calcia Solid Solutions.
The structure of the two zirconia-calcia solid solutions
determined by indexing the x-ray diffraction patterns was found to
be a cubic fluorite type lattice, which agrees with previous results
for solid solutions of these approximate compositions. 1 7 2 0 A perfect
unit cell for this type of a lattice contains twelve atoms and may by
described as consisting of four discrete molecules of the AB2 type.
X-ray and pycnometer density measurements indicate that anion vacancies
are formed when calcium ions are substituted for zirconium ions. The
unit cell of the two solid solutions consists of four molecules of
(Zr1_x - Ca )02-x, where x is the atomic fraction of substituted calcium
ions. One anion vacancy is formed for each isomorphously replaced
zirconium ion, as is indicated by the formula. This agrees with the
19 20
results of Hund and Avgustinik who also found anion vacancies for
compositions in the solid-solution field of this system. It is probably
correct to say that the four metal ions are randomly distributed on
cation sites, and that the oxygen ions and oxygen ion vacancies are
57
statistically distributed on anion sites. X-ray diffraction patterns
show no indications of ordering.
The creation of electron holes and excess electrons by
variation of the oxygen partial pressure has previously been considered.
Experimentally it is found that the electrical conductivity is virtually
independent of oxygen partial pressure (Figure 15). Therefore, the
electrical conductivity due to electron holes and excess electrons is
negligible in this system at temperatures up to 17270C. This agrees
with results of Kuikkola and Wagner16,61 at lower temperatures.
Figure 16 indicates that the magnitude and temperature
dependence of conductivity is virtually identical over a wide range
of temperatures for the two solid solutions. This effect has previously
been observed for high solute concentrations in this system.58 ,5 9 The
activation energy of 1.26 e.v. is in satisfactory agreement with that
calculated from Hund's results of Figure 34, which gives a value of
1.21 e.v. The conductivities reported by Hund, however, are an order
of magnitude smaller than results of the present investigation. This
may be due to either the high porosity of Hund's specimen, (which was
fired to only 1500*C), or to extraneous contact resistance effects
which can arise if there is poor contact between the specimen and the
electrodes for the two-terminal measurements.
It is interesting to note that the magnitude of the activation
energy is in close agreement with the results of Auskern and Belle90 for
the activation energy of oxygen diffusion in uranium dioxide, (1.29 e.v.),
although this comparison is not strictly valid. Uranium dioxide has a
structure similar to the one studied in this investigation, but the
proposed diffusion model of Auskern and Belle (interstitial) is not
identical with the vacancy migration measured here.
In a separate experiment, direct measurements of oxygen ion
diffusion for the fifteen mole per cent calcia composition has been
carried out by measuring the rate of exchange of the stable isotope,
0 18, between a gas phase and a solid spherical particle.91
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Values of electrical conductivity have been calculated from
these data using the Nernst-Einstein relationship. These data are
plotted along with the experimentally obtained conductivity data in
Figure 35. The close agreement between these data in both temperature
dependence and magnitude further confirms the hypothesis that electrical
conductivity is due to oxygen ion mobility.
B. Electrical Conductivity of Single-Crystal Alumina.
The main experimental results to be discussed are related to
the temperature and oxygen partial pressure dependence of the ionic
conductivity as measured by means of the A1 20 3 /(0.80 Zr-0.20 Ca)0 1 . 8 0
cell, and the directly measured total conductivity.
It has been postulated that alumina is a mixed conductor, and
that in the range near 10-5 atmospheres of oxygen, ionic conductivity
predominates. In order to test this assumption, the electronic conduc-
tivity of alumina was suppressed.6 5'6 6 These measurements, (Figures 24
and 25), show that the ionic conductivity is nearly independent of oxygen
partial pressure over a wide temperature range, and that the activation
energy, (temperature dependence), is independent of oxygen partial
pressure. Over the temperature range 1327*C to 1600*C and oxygen partial
pressure range of 100 to 10~10 atmospheres, the measured activation
energy is 2.59 - 2.62 e.v., while the magnitude of the ionic conductivity
at constant temperature varies by less than fifty per cent. This behavior
is similar to that found for the zirconia-calcia solid solutions as a
function of oxygen partial pressure. The increased ionic conductivity
at high and low oxygen partial pressures is presumably due to the increased
non-stoichiometry, which can cause the mobility of the conducting ions to
increase.
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Figure 35. Comparison of the Temperature Dependence of Electrical Conductivity
as Calculated from Oxygen Diffusion Coefficients and Directly Measured Electrical
Conductivity for a (0.85 Zr - 0.15 Ca)01.85 Composition.
Agreement of the ionic cell conductivity and total conductivity
at an oxygen partial pressure of 10-5 atmospheres, as well as the
dependence of the total conductivity on the oxygen partial pressure,
suggests that the conduction is mainly ionic. At this oxygen partial
pressure, there is a sharp break in the log conductivity versus l/T*K
curve, and the activation energy is increased to a measured value of
5.56 e.v. (Figures 18 and 24). The total ionic conductivity is thus
similar to that found for alkali halides and other ionic crystals.
There is a "low-temperature" behavior below approximately 1627*C, and
a "high-temperature" behavior above this temperature.
The ionic nature of the conductivity is confirmed by the
voltage - current curves obtained with the cell at all oxygen partial
pressures (Figures 21-23), and with alumina alone in the range of 10-5
atmospheres of oxygen, (Figure 20 and figures in the Appendix). Under
the above conditions, polarization is observed when the voltage is
increased to more than a few tenths of a volt. However, when electronic
conduction predominates, the voltage - current curve is linear, regardless
of how the voltage drop across the alumina specimen is measured (Fig-
ure 19 and figures in the Appendix).
The different types of defects which are probable without
the formation of a corresponding number of electron holes and excess
electrons are:
+3 -1. Schottky defects: A1203  2 Al + 3 0~Q1 1
2. Frenkel defects: a.) Al1+3 = Al+3 + Al+3(1) i'loct. 11
+3 +3 +3b.) A1 = Al. + Al
(1) i,tet. Q3
3. Impurity fixed, temperature independent concentrations of:
a. Oxygen ion vacancies, O
+3b. Interstitial cations, Al. , or impurity cations
+3
c. Cation vacancies, Al, , or impurity vacancies
Oxygen ion interstitials are also a possible type of defect, but due
to geometric restrictions, these are unlikely. Disorder of aluminum
ions on available equivalent octahedral sites, (2-a above), is also a
possible type of defect, since in the normal alumina lattice two-
thirds of these sites are filled in an ordered way. Another defect,
presumably requiring much more energy, would be the formation of inter-
stitial aluminum ions on tetrahedral sites, (2-b above).
For the observed temperature dependence of ionic conductivity,
it is necessary to have a combination of two of the above types ot
detects predominate, one below 1600*C and one above this temperature.
Possible combinations might be:
Low Temperature High Temperature
I (a) Impurity Controlled, 0= (3-a) Frenkel Defects, Al+3 Al+ (2-a)
(b) Impurity Controlled, Al (3-b) " "" (2-a)
(c) Impurity Controlled, Al+3 (3-c) " " (2-a)
a
r'W
111
Low Temperature High Temperature
S(+3 =
II (a) Impurity Controlled, 03 (3-a) Schottky Defects, Ala ,0r (1)
(b) " Al+3 (3-b) "" (1)
(cW Al +3 (3-c) "" " "(1)
+3 +3
III (a) Frenkel Disorder, Al + ,Al (2-a) " " (1)
Possible interpretations of the ionic conductivity must also
be compatible with the total, (ionic plus electronic), conductivity.
Turning to the total conductivity, the major characteristics which
must be accounted for are:
1. The conductivity increases at both high and low oxygen
partial pressures and the plateau over the central
range of oxygen partial pressure, (Figure 18).
2. The positive thermoelectric e.m.f. at 100 atmospheres
of oxygen and the negative value at 10- 10 atmospheres
of oxygen.
3. The temperature dependence of conductivity in which an
activation energy of 2.97 e.v. is calculated for the
entire temperature range at an oxygen partial pressure
of 100 atmospheres, while a break occurs in the curve at
10-5 atmospheres of oxygen (2.62 e.v., 1327*C-1627*C, 5.56
e.v., 1627*C-1727*C), and at 10-10 atmospheres of oxygen
(2.84 e.v., 1327*C-1627*C, 5.85 e.v., 1627*C-1727*C).
The increase in total conductivity over the ionic part and the
measured thermoelectric e.m.f. show definitely that alumina is predomi-
nantly a semi-conductor at both high and low oxygen partial pressures;
L,
H 2
positive electron holes conduct at high oxygen partial pressures, (p-
type), and negative excess electrons conduct at low oxygen partial
pressures (n-type).
Over the oxygen partial pressure range measured, the electronic
conductivity becomes only three to five times as great as the ionic
conductivity, (that is, the transference number of ions is always at
least 0.2), which indicates either a low concentration of electronic
defects or a low mobility for excess electrons or electron holes.
The excess electron and electron hole contributions to the
total conductivity can be determined directly as the difference between
the total and ionic conductivity. This has been done and plots of log
(6 total ~ O ion) versus log oxygen partial pressure are given in
Figures 36 and 37. At high oxygen partial pressures, it is experimentally
found that:
o = 0.20 + 0.03 (1327 0C-1727 0 C) (44)E) 6 g PP 0 2
Similarly, at low oxygen partial pressures:
= 3 -0.17 + 0.03 (13270C-17270C) (45)
>02
These results are to be compared with previous calculations of
the oxygen partial pressure dependence to be expected for various lattice
defects. For p-type conduction at high oxygen partial pressures:
1.) 1 02 (g) + 0 0 + 2(
a.) Ca?) C 4pp1 (46)
b.) C a =C PP 1/2
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Figure 36. Effect of Oxygen Partial Pressure on the Electronic Conductivity
of Single-Crystal Alumina at High Oxygen Partial Pressures.
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Figure 37. Effect of Oxygen Partial Pressure on the Electronic Conductivity
of Single-Crystal Alumina at Low Oxygen Partial Pressures.
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Comparison of these calculated values with the experimental
values indicates that at high oxygen partial pressures, the concentration
of atomic defects is probably large compared to the concentration of
electron holes with the possible exceptions of oxygen ion interstitials,
which are not likely to be formed because of structural considerations,
and aluminum ion vacancies. The observed exponent of 0.20 + 0.03 is
within reasonable agreement with the predicted value of 0.25, considering
the possible association of lattice defects or departures from ideality.
For n-type conductivity at low oxygen partial pressures;
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Comparison of these calculated values with the experimental values
indicates that within the precision of the experimental measurements,
it is difficult to determine if the concentration of lattice defects
is large compared to the concentration of excess electrons with the
exception of aluminum ion vacancies and interstitial oxygen ions. The
presence of oxygen ion interstitials, however, is unlikely.
(51)
(52)
The temperature dependence of conductivity indicates that
the activation energy is constant over the entire range for p-type
conductivity (activation energy 2.97 e.v.). The log conductivity
versus 1/T*K curve for n-type conductivity shows a break at approximately
16270C, the activation energy being equal to 5.85 e.v. above 1627*C and
2.84 e.v. below 1627*C. This indicates that different lattice imper-
fections must give rise to the high-temperature conductivity, at least.
A further experimental observation regarding the high-temper-
ature behavior of alumina is that deformed single-crystal samples
quenched from near the melting point are found to precipitate pores,92
which suggests that there exist at least some of both cation and anion
vacancies.
Oxides similar in structure to alumina which have been studied
are iron oxide, Fe2O3 , and chrome oxide, Cr203 . In iron oxide, the
mobility of oxygen ions is greater than the cations, and it is presumed
that vacancies occur in the oxygen sub-lattice.9 3
The formation of oxygen ion vacancies in alumina below 1600*C
is also suggested in this investigation from the experimental obser-
vation that no alumina formation was seen at the interface of the
Zr 201 8/A1 203 cell. However, no quantitative measurements were
made, and alumina could have been deposited without being observed. In
contrast to this, p-type conduction is observed in chromium oxide with
excess interstitial chromium ions. 94
It is clear from this discussion that insufficient data are
available to definitely fix the defect structure of alumina. Further
measurements now in progress in this laboratory of oxygen diffusion
(Oishi and Kingery) and ionic transference numbers (Kingery, Pappis,
and Meiling) may help clarify this question. A high-temperature
x-ray study of disorder in alumina would also be of great help.
Based on the data for electronic and ionic conductivity for
alumina, a number of possibilities exist for the defect structure of
alumina. Without indulging in extensive speculation, the structures
which are compatible with all the data and seem probable are either
impurity controlled oxygen ion vacancies below 1600*C with Schottky
defects, (aluminum and oxygen ion vacancies), at higher temperatures,
or impurity controlled interstitial cations below 1600*C with Frenkel
defects (comparable to disorder in the cation lattice) at higher
temperatures. Both of these models will enhance ionic and n-type
conduction at high temperatures. Until this or some defect structure
is confirmed, any detailed discussion of the activation energies
observed is premature.
C. Thermoelectric Power of Single-Crystal Alumina.
When a material such as alumina is placed in a temperature
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gradient, a potential gradient will be established. This effect is
known as the thermoelectric power or the Seebeck effect. It arises
since at the different temperatures the density of current carriers is
different and there is no longer equilibrium. Some of the current
carriers will move until electric fields are established such that a
stationary state is again attained. The thermoelectric power, q, is
then found from the relationship given by Equation (43) 88
Using this effect, it is possible to determine the sign of
the current carrier from the polarity of the potential difference.9 5
At relatively high oxygen partial pressures, the hot junction
is positive with the thermoelectric power reaching a maximum value of
298 /4V/*C in pure oxygen. This indicates that the density of electron
holes is greater at the higher temperature and that the sign of the
current carrier is positive. Conversely, at relatively low oxygen
partial pressures the hot junction is negative with the thermoelectric
power reaching a maximum value of 277,ptV/*C at an oxygen partial
pressure of 10~ 0 atmospheres. This indicates that the sign of the
current carrier is negative. At intermediate partial pressures, the
thermoelectric power is also negative, the magnitude of the value being
approximately 90 1uV/*C.
These results further substantiate the hypothesis that single-
crystal alumina is an amphoteric semi-conductor at high temperatures,
exhibiting positive hole conduction at relatively high oxygen partial
pressures and excess electron conduction at relatively low oxygen
partial pressures.
D. Electrical Conductivity of Polycrystalline Alumina.
The electrical behavior of a pure polycrystalline oxide depends
on its microstructure. Microstructure variables include the size and
distribution of intergranular voids, intragranular voids and cracks,96
impurity atoms in grains and grain boundaries, and lattice defects which
arise from these impurities.
The microstructure of the specimen whose electrical properties
were investigated (Specimen No. 5) for the effect of the above-mentioned
variables is shown in Figure 38. The porosity of this specimen is
approximately three per cent, the average grain size twenty-eight
microns, and the average pore size four microns.
The measured conductivity (two-terminal measurement) of this
specimen, (Figures 28-31), appears to increase and then level off at low
frequencies (approximately 1 x 103 - 5 x 103 cps). This is probably due
to the electrode contact resistance becoming negligible in this frequency
range. Frequencies of the same order of magnitude (approximately 8 x 103
cps) were found necessary in order that the measured two-terminal conduc-
tivity of single-crystal alumina be independent of frequency. Extrapolation
of these relatively level portions of the conductivity curves gives values
of d.c. resistance of polycrystalline alumina free of contact resistance.
These extrapolated values of conductivity are approximately fifteen per
cent lower than the single-crystal values of conductivity (Figures 18 and
28-31). This difference is due in part to the added resistance of the
grain boundaries. It includes grain boundary cracks, grain boundary re-
sistance, interfacial polarization, as well as changed grain resistance
due to impurities. That the difference is not greater may well be for-
tuitous considering the higher impurity content of the polycrystalline
specimen (see Appendix), particularly if the impurities have segregated
in the grain boundaries.
At higher frequencies the conductivity again increases due to
the decreasing effect of grain boundary resistance, that is, a decreasing
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Figure 38. Microstructure of Polycrystalline Alumina, (Specimen 5).
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effect of interfacial polarization. Interfacial polarization results
when abutting dielectrics, (grains, grain boundaries, voids, cracks),
differ in conductivity and require different voltage gradients to
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conduct a current of constant density.
The effect of interfacial polarization becomes smaller as
5
the frequency is increased. At the highest frequency measured (10 cps),
the conductivity is still increasing; that is, the interfacial polari-
zation has not entirely been overcome. Therefore, it is not possible
to quantitatively use the equations developed by Koops.7 2
The curves for the relative dielectric constant and tano' ,
(Figures 28-31), decrease as a function of frequency. The major change
in both of these curves takes place in the frequency range where electrode
contact resistance becomes negligible. The relatively high value of
dielectric constants at high frequencies is due to interfacial polari-
zation--that is, tW the build-up of charges at internal interfaces.
What the "true" value of dielectric constant at high temperatures should
be is not known.
The conductivity of polycrystalline alumina, (103 and 104 cps),
as a function of oxygen partial pressure is similar to that of single-
crystal alumina, (Figures 26 and 33). The slopes at high and low oxygen
pressures as calculated from these curves are given in Table III. At
high oxygen partial pressures, (p-type conductivity), it is experimen-
tally found that:
6 0ppU 1 6 + 0 .0 2 (1327*C-17270C) (54)
r-
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TABLE III
Calculated Slopes from Log d Versus Log pp02 for Polycrystalline Alumina
High Oxygen Partial Pressures:
Temperature (*C) Slope
1727 0.16
1727 0.19
1627 0.15
1627 0.16
1527 0.17
1527 0.16
1427 0.15
1327 0.15
Low Oxygen Partial Pressures:
Temperature (*C)
1727
1727
1627
1627
1527
1527
1427
1327
Slope
0.15
0.14
0.17
0.17
0.15
0.16
0.20
0.13
Specimen Number
5
6
5
6
5
6
6
6
Specimen Number
5
6
5
6
5
6
6
6
'21
Similarly, at low oxygen partial pressures, (n-type conductivity):
~ o -0.16 +0.02
p p .PP0 02 (1327*C-1727*C) (55)
Comparison of these results with previous calculations of the oxygen
partial pressure dependence to be expected for various lattice
defects, (Equations 46-53), indicate that within the experimental
precision of the measurements it is difficult to determine if the con-
centration of atomic defects is large compared to the concentration of
excess electrons or electron holes. Nevertheless, it is clear that the
mechanism of conduction at high and low oxygen partial pressures is
similar to single-crystal alumina.
It is not possible to measure the ionic conductivity of
polycrystalline alumina by the method used for the single-crystal alumina
due to the frequency behavior of the grain boundaries. The mechanism
of conductivity of the polycrystal in this oxygen partial pressure range,
however, can be postulated by comparing its temperature dependence of
conductivity with the single crystal, Oigures 18 and 27) From these
data at an oxygen partial pressure of 10-5 atmospheres, it is seen
that the activation energies above 1627*C differ by a factor of 1.75
(5.85 e.v. for the single crystal and 3.32 e.v. for the polycrystal).
Thus, it does not seem probable that this polycrystalline alumina
specimen exhibits ionic conduction. The mechanism of conduction in
this oxygen partial pressure range is then the sum of excess electrons
and electron hole conduction. This mechanism can arise if the concen-
tration of excess electrons and electron holes is higher than what
would be expected for these oxygen partial pressures from the single
crystal data. These higher concentrations of electrical defects can
then obscure any ionic conduction. One method by which the concentra-
tion of excess electrons and electron holes can become greater in this
oxygen partial pressure range is for the impurity content of the
specimen to be relatively high. Moreover, the majority of impurities
may be segregated at the grain boundaries. Thus, above 1527*C at
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oxygen partial pressures in the range of 10 atmospheres, the mechan-
ism of conduction is composed of excess electron and electron hole
conduction, with the concentration of these defects being dependent on
the impurity content of the specimen. Below 1527*C the mechanism of
conduction is also the sum of excess electron and electron hole
conduction. In this case, however, the total measured resistance is
presumed to consist mainly of grain boundary resistance. This would
account for the discontinuity in the loged' versus l/T*K curve, and the
lower activation energy, (3.32 e.v. above 1527*C, 2.40 e.v. below 1527*C).
The temperature dependence of conductivity at 10-10 atmospheres
of oxygen is similar to that of 10-5 atmospheres. The temperature depen-
dence of conductivity at 100 atmospheres of oxygen was found to be depen-
dent on the particular specimen investigated as indicated in Figure 33.
(This effect may also have occurred at other atmospheres, but due to the
accidental contamination of the specimen which exhibited a linear relation-
ship in pure oxygen, measurements in other oxygen partial pressures were
limited to temperatures above 1527 0C.) For one of the specimeng (Specimen
No. 5), the temperature dependence of conductivity is similar to that
measured at oxygen partial pressures of 10-5 and 10-10 atmospheres. For
the other specimen, (Specimen No. 6), the temperature dependence of
conductivity is similar to that of single-crystal alumina in pure
oxygen. In this specimen the impurity concentration or distribution
was such that there was no discontinuity in the conductivity-temperature
curve.
E. Variation of the Electrical Conductivity of Alumina Due to Measuring
Techniques:
Experimentally it was possible to obtain erroneous results for
the conductivity of single-crystal alumina if certain electrical
measuring variables were not controlled. When the conductivity was
determined by two-terminal a.c. measurements, it was found that a
frequency of at least 8,000 cps was needed in order to obtain data
independent of frequency. Evidently a frequency of this magnitude is
needed in order to overcome electrode contact resistance.
When the conductivity was determined by two-terminal d.c.
measurements, it was impossible to detect polarization or space charge
effects in the crystal unless voltage versus current curves were used.
Moreover, at this frequency contact resistance effects are more pro-
nounced. This factor is probably the cause of the ten per cent
variation in conductivity for the specimen measured by both a.c. and
d.c. two-terminal methods, (Figure 18).
When the conductivity is determined by four-terminal a.c. and
d.c. measurements, the contact resistance is eliminated and the data are
within the experimental accuracy of the measurements. The observed
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differences in the conductivity of the two specimens of Figure 18 is
probably due to minor differences of impurity content.
Before reproducible experimental results could be obtained
by any method of measurement, it was necessary to maintain the
specimen above a temperature of 1700*C for approximately ten hours.
This was probably due to either the volatilization of impurities or to
the relief of lattice strains, as has been proposed by Wachtman and
Maxwell.3 3
The majority of the above-mentioned effects were also
noticed when measurements on polycrystalline alumina were being made.
Comparison of data obtained by a.c. and d.c. measurements, however, is
not possible due to the effect of the grain boundaries.
VIII. CONCLUSIONS
The following conclusions can be drawn from the results of
this thesis.
1. Cubic zirconia-calcia solid solutions of fifteen to twenty mole
per cent calcia conduct by movement of oxygen ions via oxygen
ion vacancies. The conductivity is independent of composition
and oxygen partial pressure. The temperature dependence of
conductivity of these two solid colutions is given by the
relationship:
f(= 1.50 x 103 exp 1.26 (1727*C-7270 C) (56)
2. Single-crystal alumina behaves as a semi-conductor at high temper-
atures exhibiting electron hole, (p-type), conductivity at
relatively high oxygen partial pressures, and excess electron,
(n-type), conductivity at relatively low oxygen partial pressures.
At intermediate oxygen partial pressures the conductivity is ionic.
For p-type conduction, the dependence of conductivity on oxygen
partial pressure is:
pp0.20 0.03 (17270C-13270C) (57)
For n-type conduction, the dependence of conductivity on oxygen
partial pressure is:
p p-0.17 + 0.03 (1727*C-13270C) (58)
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3. The temperature depdndence of conductivity for single-crystal
alumina is:
= 4.10 x 103 exp 2- (1727-1327*C, 100 atm. of
oxygen) (59)
= 5.14 x 109 exp - 5.56 ] (1727-16270C, 10-5 atm. of
L T 4 oxygen) (60)
= 90.6 exp 2-2 1627-1327OC, 10-5 atm. of oxygen) (61)
= 1.03 x 1011 exp - 5.85 1o727-1627*C, 10-10 atm.
IJkT of oxygen) (62)
= 1.03 x 103 exp 2.84 (1627-1327*C, 10 10 atm. (63)
P JT of oxygen)
4. Polycrystalline alumina behaves as a semi-conductor at high temper-
atures exhibiting p-type conductivity at relatively high oxygen
partial pressures and n-type conductivity at relatively low oxygen
partial pressures.
For p- and n-type conduction the dependence of conductivity on
oxygen partial pressure is:
p p0. + 0.02 (1727 0C-1327 0 C) (64)
At intermediate oxygen partial pressures the conduction remains
electronic in nature.
5. The temperature dependence of conductivity for polycrystalline
alumina is:
= 2.97 X 104 exp -3.32 (1727*C-1527*C, 100 atm. of (65)
Oxygen)
= 1.21 x 102 exp 2.46 (1527 0C-1327*C, 100 atm. of (66)
kj oxygen)
6 = 3.15 x 104 exp - 31 (17270C-1327*C, 100 atm. of (67)
oxygen)
4 r 3i 21-51.39 x 10 exp - 2 1727*C-1527* 10 atm. of (68)
oxygen)
35.7 exp L- 2.40 (1527*C-1327*C, 10-5 atm. of oxygen) (69)
= 1.71 x 105 exp 3.60 (17270C-15270C, 10-10 atm. of (70)oxygen)
= 1.00 x 102 exp 45 (15270C-13270C, 10-0 atm. of 71)
oxygen)
The precision of the activation energies in all cases is within + 5%,
and the precision of the constant within + 17%.
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IX. SUGGESTIONS FOR FUTURE WORK
A. Zirconia-Calcia Solid Solutions.
1. Investigate the entire cubic zirconia-calcia solid solution
field to determine the effectlof variable composition on
electrical conductivity.
2. Correlate electrical conductivity data with diffusion
coefficient data for compositions other than the one studied
in this investigation to confirm the type of lattice defects.
B. Single-Crystal Alumina.
1. Investigate the means of producing ultra-high purity single
crystals.
2. Determine the defect structure of ultra-high purity single
crystals as well as crystals containing minor additions of
impurities by means of electrical conductivity, transference
number, thermoelectric power, Hall coefficients, and high-
temperature x-ray measurements.
3. Investigate the effect of controlled minor additions of solid-
solution impurities on the temperature dependence of electrical
conductivity, relative dielectric constant, and loss factor.
The effect of these impurities on oxygen partial pressure
dependence of electrical conductivity is also of prime importance.
4. Determine the ionic conductivity of single crystals at higher
temperatures than used in this investigation. These data should
be correlated with diffusion coefficient and transference number
measurements.
) '~
5. Investigate the effect of solid-solution impurities on the
relative dielectric constant and loss factor at high temper-
atures.
6. Investigate the effect of crystal anisotropy on the magnitude
of electrical conductivity, relative dielectric constant, and
loss factor.
7. Investigate the effect of dislocations on electrical properties.
C. Polycrystalline Alumina.
1. Investigate means of producing ultra-high purity polycrystalline
specimens.
2. Determine the defect structure of ultra-high purity specimens,
as well as specimens containing minor additions of impurities,
by methods previously outlined.
3. Investigate the effect of solid-solution and second-phase
impurities on the electrical properties.
4. Determine the ionic conductivity by measuring the conductivity as
a function of frequency. A dispersion should occur at the fre-
quency at which the ions cannot follow the field.
5. Investigate the effect of microstructure on the electrical prop-
erties as a function of frequency. Variables which should be
considered and varied are: porosity, (amount and distribution),
grain size, and impurities, (amount of distribution in grains or
grain boundarie.
6. Investigate the effect of dislocations on electrical properties.
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XI. APPENDIX
APPENDIX 1. SOURCE, CHEMICAL COMPOSITION, AND SPECTROGRAPHIC
ANALYSES OF MATERIALS USED
A. Single Crystal Alumina:
Single crystals were obtained from Linde Air Products Co.
Inc. No chemical analysis is available, but according to the manu-
facturer, the crystals are better than 99.8% pure. Spectrographic
analyses of the specimens after being measured are as follows:
Specimen No. 3 Specimen No. 4
Ag 5
Al
Ca
Cu
Fe
Ga
Mg
Mn
Na
Pb
Si
Sn
Zn
1
5-
5-
4-
4
5-
1
5-
5-
5
5
4-
5-
4- 1
5-
5
The numerical values indicate approximately
concentrations:
the following
1- 100% to 1%
2- 10% to 0.11%
3- 1% to 0.01%
4- 0.1% to 0.0017.
5- 0.01% or less
The - sign is used to indicate a lower concentration of that
particular element in the sample.
B. Polycrystalline Alumina:
Polycrystalline alumina was obtained in powder form from
the Linde Air Products Co Inc. No chemical analysis is available,
but according to the manufacturer the powder is better than 99.8%
pure. Spectrographic analyses of the specimens after being measured
are as follows:
Specimen No. 5 Specimen No. 6
Ag - 5-
Al 1 1
Ca 5-
Cu 5- 4-
Fe 4- 4
Ga 4 3-
Mg 3 3-
Mn 5- 5-
Na - 5
Pb 4-
Si 3 3-
Sn - 5-
Zn 5-
C. Zirconia-Calcia Solid Solutions:
The raw materials of zirconium oxide and calcium carbonate
were obtained from the Fischer Scientific Co., New York. No chemical
analysis of the raw materials is available. However, the chemical
analysis of the specimens after being measured are as follows:
Specimen No. 1 Specimen No. 2
Zr = 68% Zr = 66.2%
Ca = 5.327. Ca = 7.41%
0 = 25.98% (by 0 = 26.39% (by
weight weight
difference) difference)
The chemical formulas calculated from these weight percentages are as
follows:
Specimen No. 1 (0.851 Zr - 0.15 Ca)01 .8 3
(0.80 Zr - 0.204 Ca)O 1 7 9Specimen No. 2
APPENDIX 2. IMPURITY REMOVAL FROM GASES
A. Oxygen (99.57. purity):
Major impurities are argon and nitrogen, approximately four
parts argon to one part nitrogen; also present are hydrogen and carbon
compounds.
The gas is purified by passing it over palladium asbestos
which has been heated to 400-500*C. Hydrogen is converted to water
vapor and the carbon compounds to carbon dioxide. The water is
condensed by passing it over a cold trap of dry ice and acetone
(-85 0C).
B. Nitrogen (99.8% purity):
Major impurities are oxygen 0.002%, hydrogen 0.002%, and
water vapor 0.00127. by weight. The gas is purified by passing it
over palladium asbestos heated to 400-5000C. This converts the
hydrogen and oxygen to water vapor, which is condensed by passing
it over a cold trap of dry ice and acetone (-850C).
C. Carbon Dioxide (99% purity):
Major impurities are hydrogen sulfide, sulfur dioxide,
oxygen, hydrogen, and carbon monoxide. To remove hydrogen sulfide
and sulfur dioxide, gas is passed over silica gel. Oxygen, hydrogen,
and carbon monoxide may be removed by passing over copper oxide heated
to 600*C. The resulting water vapor is removed by passing over a cold
trap of dry ice and alcohol (-72*C).
D. Carbon Monoxide (98.5% purity):
Major impurities are nitrogen, hydrogen, oxygen, carbon
dioxide, hydrogen sulfide, sulfur dioxide, and iron carbonyl. Iron
carbonyl is removed by passing gas over pre-ignited asbestos at 500*C;
hydrogen sulfide and sulfur dioxide are removed by passing gas over
silica gel; hydrogen and oxygen are removed by passing gas over copper
at 550*C. The resulting water vapor and carbon dioxide are removed
by passing the gas over a cold trap of dry ice and acetone (-85*C).
APPENDIX 3. CALCUIATIONS AND DATA FOR OXYGEN PARTIAL PRESSURES
A. Oxygen-Nitrogen Mixtures:
0 2 P P 0 2p02 PP 0~2 + pN
Vol. 0
Vol. 02 + Vol. N2
B. Carbon Dioxide - Carbon Monoxide Mixtures:
Reaction: CO + 402 = CO2
AF = - RT In K
02 K ppCO
Vol. CO2
K Vol. CO
Temperature
(*K)
1300
1400
1500
1600
1700
1750
1800
1900
2000
2100
- AF
(Kilocalories/mole)
40.44
38.38
36.34
34.51
32.50
31.25
30.50
28.45
26.21
24.40
r 11-5
K
6.14
9.60
1.80
5.09
1.48
7.88
4.98
1.85
7.24
3.43
106
105
105
104
104
103
103
103
102
102
Temperature
(*K)
1600
1700
1 x 100
1 x 10~
1 x 10- 2
5 x 10-3
1 X 10~-4
1 x 10-5
1 x 10- 6
1 x 10
1 x 10-8
1 x 10~9
1 x 10-10
1 x 100
1 x 10-1
1 x 1o- 2
5 x 10-3
1 x 10~4
1 x 10-5
1 x 1o-6
1 x 1o
1 x 10-8
1 x 1o9
1 x 10-10
Ratio CO
PPCO
5.09
1.58
5.09
1.58
5.09
1.58
5.09
1.48
4.68-
1.48
4.68
1.48
4.68
1.48
x
x
x
x
x
x
x
x
x
x
x
x
x
x
Amount of each gas
in cm3 based on flow
rate of approx. one
liter per minute
1000 02
100 02 900 N2
10 02 990 N2
5 02 995 N2
1018 CO2  2 CO
1106 Co2  7 CO
1018 CO2  20 CO
948 CO2  60 CO
764 CO2  150 CO
632 CO2  400 CO
305 CO2 600 CO
10 2
10 2
101
101
100
100
10 1
1000
100
10
5
102 1036
101 936
10 1036
100 842
100 592
10-1 351
10~1 133
02
02
02
02
C02
CO2
CO2
C02
CO2
CO2
CO2
900
990
995
7
20
70
180
400
750
900
I 46
N2
N2
N2
CO
CO
CO
CO
CO
CO
CO
Temperature
(*K)
1800
1900
_ 2
100
10~ 1
10-2
10-3
10 ~
10-5
10- 6
10~7
10-8
0- 910~9
10- 10
100
10~ 1
10-2
10-3
10~ 4
10- 5
10- 6
10~ 7
10-8
10-9
10-10
Ratio CO
PPCO
1.57
4.98
1.57
4.98
1.57
4.98
1.57
4.98
5.85
1.85
5.85
1.85
5.85
1.85
5.85
1.85
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
102
10 1
10 1
100
100
10~
10~ 1
10- 2
Amount of each gas
in cm3 based on flow
rate of approx. one
liter per minute
1000 02
100 02
10 02
1099 Co2
996 Co2
1099 Co2
896 Co2
628 CO2
336 CO2
141 CO2
49.8 CO2
1000 02
100 02
10 02
101 1160 CO2
101 1018 CO2
100 878 CO2
100 740 CO2
10~ 1 351 CO2
10~ 1  167 CO2
10- 2  58.5 C02
10- 2 18.5 CO2
900
990
7
20
70
180
400
675
900
1000
900
990
20
55
150
400
600
900
1000
1000
N2
N2
CO
CO
CO
CO
CO
CO
CO
CO
N2
N2
CO
CO
CO
CO
CO
CO
CO
CO
Temperature
(*K)
2000
Ratio
PPCO
100
10
10- 2
10-3
10~4
10- 5
10- 6
10~ 7
10-8
10~ 9
10 1
7.24
2.29
7.24
2.29
7.24
2.29
7.24
2.29
7.24
x
x
x
x
x
x
x
x
x
10 1
10 1
10 0
10
10
10
10-2
10-2
10-3
Amount of each gas
in cm3 based on flow
rate of approx. one
liter per minute
1000 02
100 02
1086 CO2
1031 Co2
869 Co2
744 CO2
434 Co2
183 CO2
72.4 Co2
23 C02
7.3 Co2
900
15
45
120
325
600
800
1000
1000
1000
N2
CO
CO
CO
CO
CO
CO
CO
CO
CO
18S
1"19
APPENDIX 4. CALCULATIONS FOR CONCENTRATION OF LATTICE DEFECTS
IN ZIRCONIA-CALCIA SOLID SOLUTIONS7
Specimen No. 1 (0.85 Zr - 0.15 Ca)01 .8 3
Chemical Analysis: Zr = 68.7% Ca = 5.32% 0 = 25.98% (by diff.)
Lattice Constant: a, 5.131 1
Volume Unit Cell: a3, 135.1 x 10-24 cm3
Pycnometer Density: = 5.477 gm/cm 3
x N
n =-,
x A.
1.
N 0 =
N 4 =
Ca
where: n = number of oxygen, zirconium,
or calcium ions/cm 3
= pycnometer density (gm/cm3 )
X = weight fraction of oxygen,
zirconium, or calcium (gm)
A. = atomic weight of oxygen,
zirconium, or calcium (gn)
N = Avagadros No. 6.028 x 102 3
(atoms/mole)
(5.477)(0.2598)(6.023 x 10 23
16
(5.477)(.687)(6.023 x 10 23)
91.22
(5.477) (0532) (6.023 x 1023)
40.08
= 5.36 x 1022 02 7cm 3
= 2.50 x 1022 Zr /cm3
= 0.44 x 1022 Ca /cm3
0=/unit cell = 5.36 x 1022 x 135.1 x 10-2 4  7.24
+4 22 -24
Zr /unit cell = 2.50 x 10 x 135.1 x 10 = 3.38
+2 22 -24Ca /unit cell = 0.44 x 10 x 135.1 x 10 = 0.59
+4 +2
Zr + Ca /unit cell = 3.38 + 0.59 = 3.97
0 /unit cell = 8 - 7.24 = 0.76
o~/m3 _0.76 _210 /cm3. -24 = 5.63 x 10
135.1 x 10-2
Specimen No. 2 (0.80 Zr - 0.20 Ca)O 1 7 9
Chemical Analysis: Zr = 66.2% Ca _ 7.41% 0 = 26.39% (by diff.)
Lattice Constant: a, 5.138 X
Volume Unit Cell: a3 , 135.6 x 10-24 cm3
Pycnometer Density: = 5.292 gm/cm3
no.
no.
no.
no.
no.
no.
no.
no.
no.
0~/cm3 : 5.26 x 1022
+4 2
Zr /cm3 : 2.33 x 1022
+2 2
Ca /cm3 : 0.59 x 1022
0-/unit cell: 7.12
+4 +2
Zr + Ca /unit cell: 3.96
+4
Zr /unit cell: 3.16
+2
Ca /unit cell: 0.80
0; /unit cell: 0.88
0~ /cm3 : 6.49 x 1021t3
no.
no.
no.
no.
no.
no.
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APPENDIX 5. CALCULATIONS OF DENSITIES
The true density of the zirconia-calcia solid solutions was
calculated from the relationship:
3n A .i
3
a N
where: = density, (gm/cm 3
n = number of Zr, Ca, or 0 atoms per unit cell
A = atomic weight of Zr, Ca, or 0 (gm)
a = volume of unit cell (cm3 )
N = Avagadro's Number 6.023 x 1023 atoms/mole
Specimen No. 1 (0.851 Zr - 0.15 Ca) 01.83
(0.851 x 4 x 91.22) + (0.15 x 4 x 40.08) + (4 x 1.83 x 16)
(5.131)3 10-24) 6.023 x 1023
5.542 gm/cm
3
Specimen No. 2 (0.80 Zr - 0.20 Ca) 0 79
= 5.367 gm/cm3
The pycnometer density of the zirconia-calcia solid solutions
was calculated from the relationship:
( W -P)
(wit- p) -(w2 - w.)
2"tol.
where:
7w
= density (gm/cm3 )
w = weight of pycnometer plus sample (gm)
p = weight of pycnometer (gm)
2 = weight of pycnometer plus sample plus toluene (gm)
= weight of pycnometer plus toluene (gm)
1.= density of toluene (gm/cm3 )
Specimen No. 1:
7/9=
fave =
35.1298 - 28.8971
51.2521 - 28.8971 56.5078 - 35.1298
0.8601 0.8601
5.487 gm/cm3
5.466 gm/cm 3
5.477 gm/cm3
Specimen No. 2:
7' = 5.299 gm/cm3
7 = 5.284 gm/cm3
7ave = 5.292 gm/cm
3
r-?
1 58
APPENDIX 6. CALCULATION OF ELECTRICAL CONDUCTIVITY FROM
OXYGEN ION DIFFUSION COEFFICIENTS9 8
where:
96,
where: D
B
k
T
The ionic conductivity can be expressed as:
d = 96,500 Z Cu
d' = ionic conductivity (ohm- cm~1)
C = concentration (moles cm- 3
Z = valence of ion
u = mobility (cm sec~1 per volt cm -)
500 = Faraday constant
The diffusion coefficient can be expressed as:
D = B k T
2 -1
= diffusion coefficient (cm sec )
= absolute mobility (cm sec'- dyne- )
= Boltzman constant (1.38 x 10-16 ergs per degree molecule)
= absolute temperature (*K)
The mobility, u, is given by the expression:
ZeB ZeDU 300 300 k T
where e is the electronic charge (4.8 x 10~10
conductivity is given by the expression:
e.s.u.). Therefore, the
2
96,500 Z e D.C
300 k T
~=
(96,500) Z2 (4.8 x 10- 10)D C
1.12 x 109 Z2 D C
T
(300) (1.38 x 10~ELl) T
7~51
Specimen No. 1:
3 _ 5.26 x 10 -2
Concentration of 0= (mole/cm ) = 6.023 x 10 = 8.90 x 10
Valence of O= = -2
(1.12 x 10 9) (4) (8.90 x 10- 2) D.
= 3.99 x 108 DT
Specimen No. 2:
Concentration of O (mole/cm3) = 8.73 x 10-2
Valence of 0= = -2
= 3.91 x 10
8  D
Data for Calculation of Conductivity from Diffusion Coefficient
for Specimen No. 1
Temperature (*C)
665 + 25
715 + 25
765 + 25
780 + 25
785 + 25
897 + 25
1080 + 25
D (cm /sec)
6 x 10-10
1.60 x 10~9
1.95 x 10~9
3.3 x 10~9
3.0 x 10~9
6.0 x 10~9
1.0 x 10~
6 (ohm cm )
2.55 x 10~4
6.46 x 10~4
7.50 x 10~4
1.25 x 10-3
1.13 x 10-3
2.05 x 10-3
2.95 x 10-2
i55
APPENDIX 7. ELECTRICAL CONDUCTIVITY OF THE ZIRCONIA-CALCIA SOLID SOLUTIONS
Two-Terminal a.c. Data and Conductivities:
1. Specimen No. 1: 
-1
(diameter 1.8801 cm.; length 0.8562 cm.; cell constant 0.3083 cm )
pp0, (atm)
100
162
10~4
10-6
10-8
10~10
100
100
10-2
10 ~
10-6
10-8
10-10
100
100
100
100
air approx.
2.1 x 10-1
Temperature
(*C)
1627
1627
1627
1627
1627
1627
1527
1427
1427
1427
1427
1427
1427
1327
1227
1127
1027
1027
Resistance
(ohms, 103 cps)
0.48
0.52
0.52
0.55
0.53
0.52
0.68
1.11, 1.10
1.15
1.28
1.31
1.27
1.09
1.85, 1.82
2.98, 3.03
5.60, 5.71
12.3
14.2
Conductivity
(ohm cm )
6.42 x 101
5.91 x 101
5.91 x 10-1
5.61 x 10-1
5.82 x 10
5.91 x 101
4.51 x 10-1
2.77, 2.80 x 10- 1
2.68 x 10
2.41 x 10-
2.35 x 10-1
2.43 x 101
3.43 x 10-
1.66, 1.70 x 101
1.04, 1.02 x 10~
5.51, 5.40 x 10- 2
2.51 x 10- 2
2.17 x 10
L.
Specimen No.
pp0 2 (atm)
2.1 x 10- 1
2.1 x 101
100
2.1 x 10~ 1
2.1 x 10~ 1
2.1 x 10~
2.1 x 101
2.1 x 10~
2.1 x 10~1
2.1 x 10-1
1 (Continued):
Temperature
(0 C)
1000
977
927
927
877
827
800
777
747
727
Resistance
(ohms, 10 cps)
18.7
25.9
38.4
42.6, 49.1
83.3
129
175
290
362
541
Conductivity
-1 -1(ohm cm )
1.65 x 10-2
1.19 x 10-
2
8.04 x 10-3
7.23, 6.28 x 10-3
3.70 x 10-3
2.39 x 10-3
1.77 x 10-3
1.06 x 10-3
8.52 x 10~4
5.94 x 10~4
Specimen No. 2: 
-1
(diameter 0.6375 cm.; length 1.0182 cm.; cell constant 8.102 cm )
pp 0 (atm) Temperature Resistance Conductiv
(ohms, 103 cps)
8.73
10.77
12.79
12.84
12.78
12.78
15.37, 15.04
(ohm-' cm-)
9.28 x 10-1
7.52 x 101
6.34 x 101
6.31 x 10-
6.34 x 101
6.34 x 10-
1
5.27, 5.39 x 101
("C)
ity
100
100
100
10~4
10- 6
10-10
100
1727
1677
1627
1627
1627
1627
1577
Specimen No. 2 (Continued):
nn (atm)
0, Temperature
(C)
1527
1527
1527
1527
1477
1427
1377
1327
1227
1177
1127
Resistance
3
(ohms, 10 cps)
18.0
17.9
17.80, 18.14
17.76
23.7, 23.1
28.6
37.4, 37.0
50.1
88.3
122.
181
1-5~)7
100
10~4
10- 6
10- 10
10 0
100
100
100
100
100
100
Conductivity
-1 -1
(ohm cm )
4.50 x 10-
4.53 x 10-
4.56,4.47 x 10~
4.56 x 10-
3.43,3.50 x 10~
2.84 x 10-
2.17,2.19 x 10-1
1.62 x 10-1
9.18 x 10-
2
6.62 x 10-
2
4.47 x 10-
2
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APPENDIX 8. ELECTRICAL CONDUCTIVITY MEASUREMENTS OF
SINGLE-CRYSTAL ALUMINA
1. Two-Terminal ac (10 cps) and dc Data and Conductivities:
Specimen No. 3:
(diameter 1.9063 cm.; length 0.4737 cm.; cell constant
.10.166 cm )
Temperature
( 0 C)
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1727
1677
1677
1677
1677
Resistance
(ohms)
1.25 x 10 3
1.80 x 10 3
2.67 x 10 3
2.81 x 10 3
2.98 x 10 3
3.30 x 103
3.18 x 103
3.20 x 103
2.92 x 103
2.30 x 10 3
1.49 x 103
1.10 x 10 3
8.70 x 102
2.04 x 10 3
7.10 x 10 3
Frequency
I (cps)
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
d. c. (low voltage)
d.c. (high voltage)
10,000
10,000
10,000
10,000
10,000
10,000
10,000
d.c. (low voltage)
d.c. (high voltage)
Conductivity
(ohm-1 cm )
1.33 x 10~4
9.22 x 10-5
6.22 x 10-5
5.91 x 10-5
5.57 x 10-5
5.03 x 10-5
5.22 x 10-5
5.19 x 10-5
4.57 x 10-5
3.63 x 10-5
5.69 x 10-5
7.22 x 10-5
1.11 x 10~4
1.51 x 10~4
1.91 x 10~4
8.14 x 10-5
2.34 x l0-5
2.03 x 10-5
1.81 x 10-5
(atm)
100
10~ 1
10- 2
10-3
10-4
10~4
10-5
10- 5
10- 5
10- 5
10- 6
10~7
10-8
10~9
10- 10
10 0
10-5
10-5
10-5
I59
Specimen No. 3 (Continued):
Temperature
(0C)
1627
1627
1627
1627
1627
1627
1627
1627
1627
1627
1600
1577
1527
1527
1527
1527
1527
1527
1527
1527
1527
1527
1527
1527
(atm)
100
10-2
10- 4
10-5
10-5
10-8
10-10
Frequency
(cps)
10,000
10,000
10,000
10,000
10,000
d.c. (low voltage)
d.c. (high voltage)
10,000
10,000
10,000
Resistance
(ohms)
3.00 x 10 3
8.90 x 103
1.35 x 10 4
1.90 x 104
1.74 x 10 4
1.70 x 104
1.06 x 10 4
5.01 x 103
1.94 x 104
4.87 x 103
8.05 x 103
8.32 x 103
8.50 x 103
2.25 x 10 4
2.14 x 10 4
4.39 x 10 4
3.91 x 10 4
4.03 x 104
2.94 x 104
1.48 x 104
1.56 x 104
Conductivity
(ohm -1 cm )
5.53 x 10-5
1.87 x 10-5
1.23 x 10-5
8.74 x 10-6
9.55 x 10-6
8.90 x 1o-
6
7.47 x 10-6
9.76 x 10-
6
1.57 x 10-5
3.31 x 10-5
8.56 x 10-6
3.40 x 10-5
2.06 x
1.99 x
1.96 x
1.64 x
7.38 x
7.75 x
3.78 x
4.25 x
4.12 x
5.65 x
1.12 x
1.06 x
10- 5
10-5
10-5
10-5
10-610-
10- 6
10- 6
10-6
10-6
10-6
10 -6
100 1477 1.48 x 104 10,000
10,000
10,000
10,000
10,000
10,000
d.c.
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10- 5
100
100
100
100
100
10-2
10-2
5 x 10- 3
10-5
10-6
10-8
o&10
10
1. 12 x 10-5
1 G
Specimen No. 3 (Continued):
Temperature
(*C)
Resistance
(ohms)
2.59
6.45
1.35
1.31
1.24
7.55
4.87
(atm)
100
10-2
10-5
1o-6
10-8
10
Frequency
(cps)
x
x
x
x
x
x
x
4.93 x 104
1427
1427
1427
1427
1427
1427
1427
1377
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
1327
Conductivity
-1 cm-1)
6o41
2.57
1.23
1.27
1.33
2.20
3.41
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
d.c.
10,000
10,000
10,000
10,000
10,000
10,000
d.c.
10,000
10,000
10,000
10,000
10,000
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
10-6
10-6
10-6
10-6
10-
10- 6
10-6
3.37 x 10-
6
1.75
1.69
1.71
1.16
8.10
8.13
4.83
4.73
4.40
4.68
1.17
4.32
7 .90
7.41
1.31
1.36
10-6
10-6
10-6
10-6
10
10~
o- 710
10 7
10~
107
107
10-6
10-6
9.50
9.80
9.70
2.05
2.02
3.44
3.51
3.77
3.55
3.84
2.10
2.24
1.27
1.22
100
100
100
100
10 -2
lo- 2
5 x 10-3
10~4
10-5
10 -5
10-5
10-6
10-8
10-8
1o-10
10-10
-n
2. Two-Terminal d.c. Voltage versus Current Data:
Specimen No. 3:
Temperature = 1727*C; pp02
= 10-5 atm.
V Al,0 (volts)
2.56
2.20
1.70
1.45
1.16
1.00
0.73
0.60
0.361
0.250
0.177
0.072
I (amps)
5.53 x 10~4
4.85 x 10~4
4.00 x 10~4
3.55 x 10~4
3.00 x 10~4
2.62 x 10~4
2.00 x 10~4
1.65 x 10
1.00 x 10~4
7.00 x 0-5
4.60 x 10-5
1.70 x 10-5
Standard Resistor
1,000 ohms
Temperature = 1677*C; pp02
VAl-09 (volts)
1.53
1.25
0.95
0.82
0.66
0.56
0.340
0.239
0.170
0.109
0.07
= 10-5 atm.
I (amp s)
1.61 x 10~4
1.37 x 10~4
1.10 x 10~4
9.6 x 10-5
8.0 x 10-5
6.83 x 10-5
4.2 x 10-5
3.00 x 10-5
2.08 x 10-5
1.30 x 10-5
8.0 x 10-6
Standard Resistor
10,000 ohms
i 2- a
Specimen No. 3 (Continued):
Temperature = 1627 0C; pp02 = -5 atm.
VA10 (volts)
2.15
1.73
1.50
1.30
1.10
0.902
0.80
0.62
0.50
0.385
0.300
0.205
0.115
0.074
Temperature = 1527*C; pp
VAl,0 (volts)
1.58
1.30
1.07
0.94
0.81
0.70
0.585
0.46
0.32
0.230
0.158
0.114
I (amp s)
9.5 x 10-5
8.0 x 10-5
7.1 x 10-5
6.4 x 10-5
5.55 x 10-5
4.80 x 10-5
4.25 x 10-5
3.40 x 10-5
2.75 x 10-5
2.20 x 10-5
1.71 x 10-5
1.20 x 10-5
6.40 x 10-6
4.30 x 10- 6
= 100 atm.
I(amp s)
1.54 x 10~4
1.27 x 10~4
1.05 x 10~
9.25 x 10-5
8.0 x 10-5
6.9 x 10-5
5.8 x 10-5
4.5 x 10-5
3.2 x 10-5
2.26 x 10-5
1.55 x 10-5
1.10 x 10-5
Standard Resistor
10,000 ohms
Standard Resistor
10,000 ohms
Specimen No. 3 (Continued):
Temperature 
= 1327*C; pp0 2
= 10 atm.
VAlp09(volts)
1.85
1.60
1.37
1.10
0 .90
0.76
0.56
0.40
0.281
0.182
0.115
emperature 
= 1327*C; pp0 2
VAlp0 (volts)
2.63
2.53
2.00
1.48
1.10
0.85
0.70
0.525
0.40
I (amps)
1.29 x 10-5
1.10 x 10-5
9.4 x 10-6
7.7 x 10- 6
6.4 x 10-6
5.2 x 10- 6
4.0 x 10-6
2.80 x 10- 6
2.00 x 10- 6
1.30 x 10-6
8.0 x 10~
1-5
- 0 atm.
I (amps)
2.20 x 10-6
1.90 x 10- 6
1.46 x 10-6
1.05 x 10-6
7.8 x 10~7
5.1 x 10~7
5.0 x 10~7
3.8 x 10~7
2.9 x 10~7
Standard Resistor
100P00 ohms
Standard Resistor
100,000 ohms
T
Calculated conductivities from two-terminal d.c. voltage versus
current curves, Specimen No. 3:
pp0, (atm)
10-5
10- 5
10-5
100
100
10-5
Temperature (*C)
1727
1677
1627
1527
1327
1327
Conductivity
High Voltage
3.63 x 10-5
1.81 x 10-5
7.47 x 10- 6
1.64 x 10-5
1.16 x 10- 6
1.17 x 10~
(ohm- cm )
Low Voltage
4.57 x 10-5
2.03 x 10-5
8.90 x 10-6
1.64 x 10-5
1.16 x 10-6
4IG
3. Four-Terminal a.c. (10 cps, Pt. probes) Voltage versus Current Data:
Specimen No. 4:
(diameter 1.9060 cm.; length 0.9479 cm.; distance between probes 0.4763 cm.;
cell constant 0.1669 cm-1)
Temperature = 1727*C, pp02 = 100 atm.
V A170 (volts) I (amps) Standard Resistor
3.00 2.60 x 10-3 1,000 ohms
2.30 2.00 x 10-3
2.00 1.76 x 10-3
1.70 1.50 x 10-3
1.30 1.15 x 10-3
1.02 9.00 x 10~4
0.80 6.95 x 10~4
0.58 5.00 x 10~4
0.44 3.78 x 10~4
0.296 2.50 x 10~4
0.230 1.95 x 10~4
0.142 1.20 x 10~4
0.100 8.4 x 10-5
0.072 6.0 x 10-5
0.050 4.2 x 10-5
0.0246 2.08 x 10-5
0.0128 1.08 x 10-5
0.0072 6.0 x 10-6
I C) r-
Specimen No. 4 (Continued)
Temperature = 1727*C, pp02 = 10-5 atm.
VAlv, (volts)
4.40
3.70
3.00
2.69
1.80
1.48
1.10
0.96
0.70
0.585
0.40
0.30
0.190
0.115
0.070
0.0458
0.026
0.0134
0.0077
I (amp s)
1.00 x 10-3
8.67 x 10~4
7.3 x 10-4
6.67 x 10~4
4.75 x 10~4
4.0 x 10-4
3.00 x 10~4
2.67 x 10~4
1.97 x 10~4
1.67 x 10-4
1.45 x 10-4
8.5 x 10-5
5.5 x 10-5
3.34 x 10-5
2.05 x 10-5
1.33 x 10-5
7.6 x 10-6
4.0 x 10-6
2.30 x 10-6
Standard Resistor
1,000 ohms
1GG
Specimen No. 4 (Continued):
Temperature 1627*C, pp0 2 = 100 atm.
VA120 (volts)
3.60
3.00
2.50
2.04
1.70
1.43
0.90
0.72
0.60
0.46
0.34
0.259
0.200
0.143
0.084
0.0575
0.0300
0.0195
0.0129
0.0080
I (amp s)
1.18 x 10-3
1.00 x 10-3
8.55 x 10~4
7.0 x 10-4
5.9 x 10~4
5.0 x 10-4
3.17 x 10~4
2.50 x 10~4
2.09 x 10~4
1.60 x 10~4
1.19 x 10~4
9.0 x 10-5
6.9 x 10-5
5.0 x 10-5
2.92 x 10-5
2.00 x 10-5
1.04 x 10-5
6.8 x 10-6
4.5 x 10-6
2.78 x 10-6
Standard Resistor
1,000 ohms
-Ip-G7
Specimen No. 4 (Continued):
Temperature = 1627*C, pp0 = -5 atm.
VAl-0- (volts)
4.60
4.20
3.00
2.50
1.60
1.25
1.00
0.905
0.70
0.584
0.40
0.291
0.190
0.118
0.090
0.073
0.050
0.0378
0.0221
0.0137
0.0082
I (amp s)
2.61 x 10
2.40 x 10~4
1.78 x 10~4
1.50 x 10~4
1.00 x 10~4
8.0 x 10-5
6.6 x 10-5
6.0 x 10-5
4.75 x 10-5
4.0 x 10-5
2.83 x 10-5
2.00 x 10-5
1.30 x 10-5
8.0 x 10-6
6.2 x 10-6
5.0 x 10-6
3.50 x 10-6
2.60 x 10-6
1.55 x 10-6
9.6 x 10~7
5.7 x 10~7
Standard Resistor
10,000 ohms
Specimen No. 4 (Continued):
Temperature = 1527*C, pp02 = 100 atm.
VA12 03 (volts)
2.50
2.28
2.00
1.78
1.50
1.19
0.80
0.63
0.50
0.40
0.230
0.140
0.090
0.063
0.050
0.032
0.022
0.140
I (amp s)
3.38 x 10
3.00 x 10~4
2.64 x 10~4
2.30 x 10~4
1.95 x 10~4
1.50 x 10~ 4
1.03 x 10~4
8.0 x 10-5
6.25 x 10-5
5.0 x 10-5
2.98 x 10-5
1.80 x 10-5
1.15 x 10-5
8.0 x 10-6
6.4 x 10-6
4.0 x 10- 6
2.75 x 10-6
1.69 x 10- 6
Standard Resistor
10,000 ohms
r ('C)
r4. Four-Terminal d.c. (Pt. probes) Voltage versus Current Data:
Specimen No. 4:
Temperature = 1527*C, pp02 = 100 atm.
VA1,09 (volts)
2.41
2.20
1.82
1.50
1.25
1.00
0.88
0.70
0.525
0.37
0.230
0.140
0.079
0.023
I __(amps)
2.70 x 10~4
2.47 x 10~4
2.04 x 10~4
1.69 x 10"4
1.40 x 10~4
1.15 x 10~4
1.00 x 10~4
8.0 x 10-5
6.0 x 10-5
4.2 x 10-5
2.57 x 10-5
1.60 x 10-5
8.8 x 10- 6
2.54 x 10- 6
Standard Resistor
10,000 ohms
i69 II
L
Specimen No. 4 (Continued):
Temperature = 1427*C, pp = 100 atm.
V A120 (volts) (mps)
1.48 6.0 x 10-5
1.42 5.78 x 10-5
1.00 4.00 x 10-5
0.74 2.98 x 10-5
0.638 2.6 x 10-5
0.45 1.84 x 10-5
0.294 1.20 x 10-5
0.240 9.6 x 10-6
0.148 6.0 x 10- 6
0.115 4.76 x 10- 6
0.059 2.40 x 10- 6
0.048 1.92 x 10- 6
0.380 1.56 x 10- 6
0.0250 9.9 x 10~
0.0172 7.05 x 10~
0.0100 4.02 x 10~
Standard Resistor
50,000 ohms
Specimen No. 4 (Continued):
Temperature 
= 1327*C, pp02
VA1,0% (volts)
1.89
1.80
1.48
1.00
0.69
0.44
0.215
0.150
0.081
0.060
0.0250
0.0190
0.0094
= 100 atm.
I (amp s)
2.18 x 10-5
2.05 x 10-5
1.70 x 10-5
1.15 x 10-5
7.8 x 10- 6
4.95 x 10- 6
2.48 x 1o- 6
1.78 x 10-6
1.00 x 10-6
6.6 x 10-6
3.00 x 1o- 6
2.8 x 10-6
9.8 x 10~
Standard Resistor
100,000 ohms
I11
f72
Specimen No. 4 (Continued):
Temperature = 1327*C, pp02 = 100 atm.
V Alv0n (volts)
2.54
2.37
2.10
1.83
1.60
1.37
1.20
0.93
0.80
0.65
0.50
0.37
0.250
0.135
I (amp s)
2.80 x 10-5
2.60 x 10- 5
2.31 x 10-5
2.00 x 10-5
1.75 x 10-5
1.50 x 10-5
1.30 x 10-5
1.00 x 10-5
8.7 x 10-6
6.5 x 10- 6
5.35 x 10- 6
4.00 x 10- 6
2.63 x 10-6
1.40 x 10-6
Standard Resistor
100,000 Ohms
-i_ (@~)
Specimen No. 4 (Continued):
Temperature = 1327*C, pp 0 10-5 atm.
A120a (volts)
2.40
2.20
1.94
1.60
1.38
1.10
0.90
0.70
0.54
0.360
0.237
0.150
I aMs)
7.0 x 10-6
6.3 x 10-6
5.6 x 10-6
4.8 x 10-6
4.20 x 10-6
3.52 x 10- 6
3.00 x 10- 6
2.48 x 10-6
2.00 x 10- 6
1.44 x 0-c6
1.03 x 10-6
6.8 x 10~7
Standard Resistor
100,000 ohms
w~~jIjI
Calculated conductivities from four-terminal d.c. voltage versus current curves, Specimen No. 4:
Temperature
(C)
1727
1727
1627
1627
1527
1527
1427
1327
1327
1327
Cell Constant
(cm~I )
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
Frequency
(cps)
10,000
10,000
10,000
10,000
10,000
d.c.
10,000
10,000
d.c.
d.c.
Conductivity (ohm cm )
High Voltage,
1.48 x 10~4
4.25 x 10- 5
5.88 x 10- 5
1.09 x 10- 5
2.20 x 10-5
1.88 x 10- 5
6.68 x 10-6
1.92 x 10-6
1.83 x 10- 6
5.01 x 107
Low Voltage
1.48 x 10~4
4.58 x 10-5
5.88 x 10-5
1.20 x 10-5
2.20 x 10-5
1.88 x 10-5
6.68 x 10-6
1.92 x 10-6
1.83 x 10-6
7.59 x 107
POP(atm)
100
10-5
100
10-5
100
100
100
100
100
10-5
2.4
2.0
I .6
1.2
0.8
0.4
0
0 2 4 6 8 10 12 14 16 18
Current (amps x104 )
Figure 39. Voltage-Current Curve for the Determination of the Electrical Conductivity of Single-Crystal
Alumina.
0)
0
20
2 4 6 8 10 12
Current ( amps x 10 )
Figure 40. Voltage-Current Curve for the Determnimtion of the Electrical Conductivity of Single-Crystal Alumina.
1.4
1.2
1.0
a>
C-
0.8
0.6
0.4
0.2
0
0 14 16
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Current (amps xlO4)
Figure 41. Voltage-Current Curve for the Determination of the Electrical Conductivity of Single-Crystal Alumina.
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2.2
1.8
a>
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1.4
1.0
0.6-
0.2-
0 w
0
2.4
T = 1627*C
2.0- PP0 2 = 10-
5
o Four terminal a.c. 10,000 cps No. 4 sample
* Two terminal d.c. No. 3 sample
1.6 -
00
021.2
-
00
0.8 ---
e
0.4 00 0
0 1 2 3 4 5 6 7 8 9 10
Current (amps x 105 )
Voltage-Current Curves for the Determination of Electrical Conductivity of Single-Crystal Alumina.Figure 42.
1. 2
T = 1427 *C
1.0- PP0 2 = 10
Four terminal a.c. 10,000 cps No. 4 sample
0.8
- 0.6
0.4
0.4-
0
0 4 8 12 16 20 24 28 32 36 40
Current (amps x 10 6 )
Voltage-Current Curve for the Determination of the Electrical Conductivity of Single-Crystal Alumina.Figure 43.
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00
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o Four terminal a. c. 10,000 cps No.4 sample
0.4 - a Four terminal d.c. No.4 sample
e Two terminal d.c. No.3 sample
0 4 8 12 16 20 24 28 32
Current (amps x 106 )
Figure 44. Voltage-Current Curves for the Determination of the Electrical Conductivity of Single-Crystal Alumina.
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Figure 45. Voltage-Current Curve for the Determination of the Electrical Conductivity of Single-Crystal Alumina. r--t
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Figure 46. Voltage-Current Curve for the Determination of the Electrical Conductivity of Single-Crystal Alumina.
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5. Four-Terminal d.c. Voltage versus Current Data for Galvanic Cell,
+Pt/Al203 /(0.80 Zr - 0.20 Ca)01 .80 /Pt- with Zirconia-Calcia Probes:
Specimen No. 4:
Temperature = 1527 *C, pp0 = 100 atm.
Vcell (volts)
1.61
1.25
1.00
0.775
0.600
0.448
0.300
0.207
0.155
0.0995
0.060
Temperature = 1527*C, pp,
Vcell (volts)
2.22
1.90
1.45
1.10
0.84
0.70
0.52
0.36
0.243
0.150
0.100
I (amp s)
5.80 x 10-5
4.80 x 10-5
3.95 x 10-5
3.00 x 10-5
2.56 x 10-5
2.00 x 10-5
1.41 x 10-5
1.00 x 10-5
7.4 x 10-6
5.0 x 10-6
3.1 x 10-6
S102 atm.
5.7 x l0- 5
4.9 x 10-5
4.0 x 10-5
3.35 x 10-5
2.77 x 10-5
2.45 x 10-5
2.00 x 10-5
1.53 x 10-5
1.1 x 10-5
7.15 x 10-6
5.0 x 10-6
Standard Resistor
10,000 ohms
Standard Resistor
10,000 ohms
Specimen No. 4 (Continued):
Temperature = 1527*C, pp0 2 = 10-5 atm.
Vcell (volts)
2.50
2.20
1.90
1.50
1.20
1.00
0.87
0.67
0.57
0.375
0.298
0.166
Temperature = 1527*C, pp,
Vcell (volts)
2.27
1.90
1.45
1.22
1.00
0.77
0.68
0.495
0.40
0.325
0.250
0.200
0.150
I (amp s)
6.0 x 10-5
5.25 x 10-5
4.7 x 10-5
3.9 x 10-5
3.00 x 10-5
2.56 x 10-5
2.20 x 10-5
1.81 x 10-5
1.50 x 10-5
9.9 x 1o- 6
8.0 x 1o- 6
4.35 x 10-6
= 10-8 atm.
4.95 x 10-5
4.65 x 10-5
3.8 x 10-5
3.6 x 10-5
3.3 x 10-5
2.80 x 10-5
2.55 x 10-5
2.00 x 10-5
1.68 x 10-5
1.40 x 10-5
1.13 x 10-5
9.0 x 1o- 6
6.55 x 10-6
Standard Resistor
10,000 ohms
Standard Resistor
10,000 ohms
185
Specimen No. 4 (Continued):
Temperature = 1527*C, pp02 = 10- 10 atm.
Vcell (volts)
2.25
1.90
1.52
1.25
0.94
0.80
0.605
0.48
0.375
0.300
0.211
0.175
0.945
I amps)
7.5 x 10-5
6.6 x 10-5
6.0 x 10-5
5.35 x 10-5
4.4 x 10-5
3.82 x 10-5
3.00 x 10-5
2.40 x 10-5
1.90 x 10-5
1.53 x 10-5
1.10 x 10-5
9.1 x 1o- 6
5.05 x 10-6
Standard Resistor
10,000 ohms
Temperature 
= 1327*C, pp02
= 100 atm.
Vcell (volts)
1.64
1.50
1.37
1.20
1.00
0.78
0.62
0.54
0.43
0.300
0.203
I (amp s)
7.8 x 1o- 6
7.1 x 10-6
6.6 x 10-6
5.85 x 10-6
5.0 x 1o- 6
3.9 x 10-6
3.2 x 10-6
2.58 x 10-6
2.13 x 10-6
1.50 x 10-6
1.00 x 10-6
Standard Resistor
100,000 ohms
I
-I
Specimen No. 4 (Continued):
Temperature = 1327*C, pp02 = 10-2 atm.
Vcell (volts)
1.75
1.36
1.00
0.79
0.60
0.425
0.290
0.216
0.150
I jamps)
7.5 x 10-6
6.0 x 10-6
4.5 x 10-6
3.6 x 10-6
2.70 x 10-6
2.20 x 10-6
1.50 x 10- 6
1.15 x 10- 6
8.5 x 10~
Standard Resistor
100,000 ohms
Temperature = 1327*C, pp02 = 10-5 atm.
V cell (volts)
2.09
1.97
1.50
1.30
0.92
0.80
0.655
0.48
0.365
0.250
0.185
0.079
5.2 x 0-c
6
4.8 x 10- 6
3.98 x 10-
6
3.40 x 10-6
2.75 x 10-6
2.45 x 10-6
2.10 x 10-6
1.68 x 10-6
1.36 x 10-6
1.02 x 10-6
8.0 x 10~
4.0 x 10~
Standard Resistor
100,000 ohms
-1 ' -
Specimen No. 4 (Continued):
Temperature = 1327*C,
Vcell (volts)
1.84
1.40
1.06
0.90
0.70
0.543
0.380
0.243
pp02 = 10-8 atm.
I Kamps)
5.9 x 10-6
4.45 x 10-6
3.60 x 10-6
3.00 x 10-6
2.26 x 10-6
1.80 x 10-6
1.30 x 10-6
9.0 x 107
Standard Resistor
100,000 ohms
Temperature = 1327*C, pp02 = 10~10 atm.
V cell (volts)
2.15
1.80
1.51
1.30
0.94
0.80
0.55
0.40
0.205
0.138
I (amps)
9.5 x 10-6
8.0 x 10-6
7.0 x 10-6
6.3 x 10-6
5.0 x 10-6
4.43 x 10-6
3.40 x 10-6
2.55 x 10-6
1.45 x 10-6
1.00 x 10-6
Standard Resistor
100,000 ohms
4SS
Specimen No. 4 (Continued):
Temperature = 1600*C, pp02 = 10-5 atm.
Vcell (volts)
1.91
1.48
1.00
0.89
0.72
0.50
0.40
0.295
0.210
0.163
0.110
0.061
Temperature 
= 1427*C, pp02
Vcell (volts)
2.40
1.88
1.55
1.28
1.00
0.865
0.72
0.58
0.44
0.295
0.200
0.137
I (amp s )
6.38 x 10-5
5.4 x l0-5
4.65 x 10-5
3.8 x 10-5
3.20 x 10-5
2.30 x 10-5
1.90 x l0-5
1.45 x 10-5
1.03 x 10-5
8.0 x 1o- 6
4.66 x 10- 6
3.30 x 10-6
-5lo 10 atm.
I(amp s)
1.70 x 10- 5
1.40 x 10-5
1.17 x 10-5
1.00 x l0-5
7.9 x 10-6
7.0 x 10-6
5.88 x 10-6
4.8 x 10-6
3.65 x 10- 6
2.50 x 10-6
1.75 x 10-6
1.25 x 10-6
Standard Resistor
10,000 ohms
Standard Resistor
100,000 ohms
Calculated d.c. conductivities from voltage versus current curves of
galvanic cell, Specimen No. 4:
(atm)
10-5
10 0
10- 2
10-5
10-8
10-10
10-5
100
10- 2
10-5
10-8
10-10
Temperature
(*C)
1600
1527
1527
1527
1527
1527
1427
1327
1327
1327
1327
1327
Conductivity (ohm- cm1 )Cell Constant
(cm~ 1)
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
0.1669
Low Voltage
7.72 x 10-6
7.51 x 10- 6
7.09 x 10-6
4.31 x 10- 6
8.07 x 10- 6
8.35 x 10-6
1.38 x 10-6
8.14 x 10~
7.72 x 10~
8.14 x 10~7
1.09 x 10- 6
High Voltage
6.47 x 10-6
6.20 x 10-6
4.54 x 10- 6
4.00 x 10-6
3.88 x 10-6
6.03 x 10-6
1.22 x 10- 6
7.42 x 10~7
7.27 x 10~
4.33 x 10~7
5.48 x 10~
7.47 x 10~
APPENDIX 9. THERMOELECTRIC POWER OF SINGLE-CRYSTAL ALUMINA
Specimen No. 8 (diameter 0.094 inches, length 4.00 inches):
Temperature and
Polarity of Hot
Junction
(C)
1527 +
1527 +
1527 -
1527 -
1527 -
1525 -
Temperature and
Polarity of Cold
Junction
( 0C)
1458 -
1458 -
1459 +
1457 +
1459 +
1460 +
e.m.f. e.m.f./*C
(volts) ( V/*C
0.0200
0.0130
0.0063
0 .0059
0.0061
0.0114
298
194
93
86.8
90
175
10-10 1525 -
PpO,
(atm)
100
10-2
104
10-5
10-6
10-8
1460 + 0.0180 277
j 91
APPENDIX 10. ELECTRICAL CONDUCTIVITY MEASUREMENTS OF
POLYCRYSTALLINE ALUMINA
Two-Terminal a.c. Data and Conductivities:
Specimen No. 5:
(diameter 1.8462 cm.; length 0.4735 cm.; cell constant 0.1769
Temerature
(C)
1777
PP02(atm)
100
100
10-2
10~4
1o- 6
10-8
10-10
R1 cps
(ohms)
9.90 x 10 2
1.53 x 10 3
2.28 x 103
3.76 x 103
3.44 x 103
2.21 x 10 3
1.36 x 10 3
2.55 x 10 3
4.17 x 103
6.90 x 103
1.01 x 104
1.15 x 10
7.25 x 10 3
4.43 x 10 3
7.05 x 10 3
1.19 x 10
1.95 x 10 4
2.75 x 10
2.76 x 10,
2.08 x 104
1.45 x 10 4
R104 cps
(ohms)
8.60 x 102
1.36 x 103
2.11 x 10 3
2.99 x 10 3
2.91 x 10 3
1.92 x 103
1.20 x 103
2.27 x 103
3.77 x 10 3
6.10 x 10 3
9.40 x 10 3
9.16 x 10 3
6.35 x 103
3.80 x 10 3
6.55 x 103
1.10 x 10 4
1.73 x 10 4
2.40 x 10 4
2.35 x 10
1.80 x 10 4
1.25 x 10 4
Conductivity, ohm-1 cm-
103 cps 104 cps
1.79 x 10~ 2.06 x 10~4
1.16 x
7.77 x
4.71 x
5.14 x
8.01 x
1.30 x
10~ 4
10-5
10- 5
10-5
10-5
10~-4
6.94 x 10-5
4.25 x
2.56 x
1.75 x
1.55 x
2.45 x
3.99 x
10-5
10-5
10-5
10-5
10- 5
10-5
1.30 x 10-4
8.38 x 10-5
5.93 x 10-5
6.08 x 10-5
9.22 x 10-5
1.48 x 10~4
7.81 x 10-5
4.70 x 10-5
2.90 x 10-5
1.88 x 10-5
1.93 x 10-5
2.78 x 10-5
4.66 x 10-5
2.51 x 10-5 2.71 x 10-5
1727
1727
1727
1727
1727
1727
1677
1627
1627
1627
1627
1627
1627
1577
1527
1527
1527
1527
1527
1527
10-5
1o-6
10-6
1o-6
10-6
10- 5
1.61 x 10-5
1.01 x 10-5
7.38 x 10-6
7.54 x 10- 6
9.83 x 10-6
1.42 x 10-5
-1
cm )
1.49 x
9.08 x
6.44 x
6.41 x
8.51 x
1.22 x
100
100
10-2
10-6
10-8
10- 10
100
100
10- 2
10~4
10-6
10-8
lo10
Temperature
(C)
1507
p0,2
(atm)
100
100
100
10 -2
10- 2
10~4
10- 6
10-8
10-10
100
R10 cps
(ohms)
1.42 x 104
1.88 x 104
3.08
5.29
4.73
8.75
8.70
6.35
3.69
x
x
x
x
x
x
x
5.21 x 104
R1 0 4 cps
(ohms)
1.25 x 10 4
1.74 x 10 4
2.83
4.58
4.10
7 .10
7.05
5.33
3.15
x
x
x
x
x
x
x
4.64 x 104
10 4
10 4
104
104
10 4
10 4
10 4
Conductivity,
-1 -1ohm cm
3 4
10 cps 10 cps
1.25 x 10-5 1.42 x 10-5
9.42 x 10-6
5.75
3.35
3.75
2.02
2.04
2.78
4.79
x
x
x
x
x
x
x
10- 6
10- 6
10- 6
10- 6
10- 6
10- 6
10- 6
3.40 x 10
6
1.02 x 10-5
6.26
3.86
4.32
2.50
2.51
3.32
5.62
x
x
x
x
x
x
x
10-6
10-
6
10-6
10-6
10-6
10-
6
10-6
3.81 x 10-6
9.70
1.45
1.98
1.97
1.51
x
x
x
x
x
10 4
10 5
10 5
10 5
10 5
100 1327
10-2 1327
5 x 10-3 1327
10-6 1327
10-8 1327
1327 1.21 x 105 9.40 x 104
1477
1427
1427
1427
1427
1427
1427
1427
1377
8.10
1.16
1.45
1.42
1.08
10- 6
10 
6
10~7
10~7
10- 6
x
x
x
x
x
1.83
1.22
8.94
8.98
1.17
x
x
x
x
x
2.19
1.53
1.22
1.25
1.64
x
x
x
x
x
10-
6
10-6
10-6
10-
6
10-
6
10- 10 1. 47 x 10- 6 1.91 x 10- 6
2. Two-Terminal Data for Conductivity, Relative Dielectric Constant,
and Dielectric Loss Tangent As A Function of Frequency:
Specimen No. 5:
(diameter 1.8461 cm; thickness 0.4009 cm.;
lead capacitance 11 F.)
Temperature = 1727*C; pp = 100 atm.
tl
cell constant 0.1497 cm ;
Frequency
(cps)
1 x 10 5
5 x 104
2 x 10 4
1 x 10 4
5 x 10 3
2 x 10 3
1 x 10 3
5 x 102
d.c.
R R' RX
(ohms) (ohms) (ohms)
923.1
914
873.9
835.5
812.6
795
785
770
504
504.4
504.7
504.7
504.8
504.8
504.8
504.6
Temperature = 1727*C; pp
Frequency
(cps)
1 x 10 5
5 x 104
2 x 10 4
1 x 10 4
5 x 103
2 x 10 3
1 x 103
5 x 102
R
(ohms)
1548
1540
1475
1452.9
1443.8
1433.3
1420
1410
R' 
_
(ohms)
1004.8
1006.3
1007.2
1007.3
1007.3
1007.2
1007.3
1007.1
d.c.
1110
1126
1195
1275
1333
1383
1413
1464
1.67 x 103
0 = 10-5 atm.
RX
(ohms)
2863
2904
3176
3284
3332
3388
3466
3525
3.80 x 103
C
(^R/F)
965.6
941
590.8
143.8
465
127
625
227.6
C
(f/lF)
1028
991
910.2
824.4
681.6
337.3
855.8
918
C'
qMF)
1230.9
1228
1236.4
1232.9
2216.2
3321
5224
7226.6
C'
(AgF)
1233.6
1242
1243.6
1244
1244.8
1244.8
2257.2
3711.6
it9 3 ]
4C
(, F)
254.3
276
634.6
1078.1
1740.2
3183
4588
6988
AC
(M4F)
194.6
240
322.4
408.6
551.8
896.5
1390.4
2782.6
1Temperature 1427 *C; ppO2 = 100 atm.
R'
(ohms)
10,280
10,260
10,260
10,260
10,260
10,260
10,260
10,260
RX
(ohms)
24,464
24,800
25,650
26,405
27,022
27,790
28,316
29,435
3.29 x 10 4
C
i 7F)
132.6
128.8
120.8
1112.7
1095.2
1040.8
960
777
C',
F)
245
244.8
245
1247.6
1248.8
1248.8
1249.1
1249.5
A c
&F)
101.4
105
113.2
123.9
142.6
197
278.1
461.5
Temperature 1427*C; pp 0 , = 10-5 atm.
R R'
(ohms) (ohms)
11,060
11,070
11,070
11,060
11,063
11,066
11,067
11,067
RX
(ohms)
43,165
43,576
48,094
50,647
53,020
54,584
55,155
56, 211
6.15 x 104
C
L/F)
1134.2
125.3
116.2
1109.6
1094.3
1058.7
1010.8
934.5
C'
rF)
1248.8
245.3
245.4
1248.9
1249
1249.2
1249.4
1249.5
YrF)
103.6
109
118.2
128.6
143.7
179.5
227.6
304
Frequency
(cps)
1 x 10 5
5 x 10
2 x 104
1 x 10
5 x 103
2 x 10 3
1 x 103
5 x 102
d.c.
R
(ohms)
17,730
17,750
17,100
16,780
16,540
16,265
16,090
15,750
Frequency
(cps)
1 x 10 5
5 x 10 4
2 x 10 4
1 x 10
5 x 103
2 x 103
1 x 103
5 x 102
d.c.
14,870
14,840
14,380
14,150
13,980
13,880
13,845
13,780
Calculated Conductivities, Relative Dielectric Constants, and Dielectric
Loss Tangents As A Function of Frequency:
Temperature = 17270C, pp0 2 = 100 atm.
Relative Dielectric
Frequency Conductivity Constant Tan U
(ohm-l cm-1)
1.35 x 10~4
1.33 x 104
1.25 x 10~4
1.17 x 10~4
1.12 x 10~4
1.08 x 10~4
1.06 x 10~4
1.02 x 10~4
8.96 x 10-5
430
466
1073
1822
2941
5379
7754
11 10
5.64
10.25
10.50
11.58
13.73
18.09
24.56
31.13
Temperature = 1727*C, pp 0
Frequency
(cps)
1 x 10 5
5 x 10 4
2 x 10 4
1 x 104
5 x 10 3
2 x 10 3
1 x 10 3
5 x 102
d.c.
Conductivity
(ohm-l cm-1)
5.23 x 10- 5
5.16 x 10- 5
4.71 x 10-5
4.56 x 10- 5
4.49 x 10-5
4.42 x 10-5
4.32 x 10- 5
4.25 x 10-5
3.94 x 10-5
-105 atm.
Relative Dielectric
Constant
329
405.6
544.9
690.5
923.5
1515
2350
4703
(cps)
1 x 10 5
5 x 104
2 x 104
1 x 10 4
5 x 10 3
2 x 103
1 x 10 3
5 x 102
d.c.
Tan G
2.87
4.57
7.78
11.87
17.94
26.21
33.04
32.46
i98
Temperature = 1427*C, pp0, = 100 atm.
Relative Dielectric
ConstantConductivity
(ohm-' cm-1)
6.12 x 10-6
6.04 x 10-6
5.84 x 10-6
5.67 x 10-6
5.54 x 10-6
5.39 x 10-6
5.29 x 10-6
5.09 x 10-6
4.55 x 10-6
Temperature = 1427*C, pp 0
171.4
177.5
191.3
209.4
241
333
470
779.9
Tan X
0.642
1.223
2.742
4.869
8.265
14.55
20.23
23.44
10-5 atm.
Conductivity
(ohml cm-1)
3.47 x 10-6
3.44 x 10- 6
3.11 x 10-6
2.96 x 10-6
2.82 x 10-6
2.74 x 10- 6
2.71 x 10-6
2.66 x 10-6
2.43 x 10-6
Relative Dielectric
Constant
175.1
184.2
199.4
217.3
242.9
303.4
384.6
513.8
Frequency
(cps)
1 x 10 5
5 x 10 4
2 x 10 4
1 x 10 4
5 x 103
2 x 10 3
1 x 10 3
5 x 102
d.c.
Frequency
(cps)
1 x 10 5
5 x 10 4
2 x 104
1 x 10 4
5 x 103
2 x 10 3
1 x 103
5 x 10 2
d.c.
Tan
0.356
0.671
1.403
2.445
4.180
8.126
12.69
18.64
3. Two-Terminal a.c. Data and Conductivities:
Specimen No. 6: 
-1
(diameter 1.8433 cm.; thickness 0.1665 cm.; cell constant 0.1585 cm .
Temperature
(0 C)
1777
pp 0 2
(atm)
100
100
100
10- 2
10~4
10-6
10-8
10-10
Resistance
(ohm 103 cps)
1.02 x 10 3
1.48
1.50
2.47
3.39
3.15
2.03
1.24
x 103
x 103
x 10 3
x 10 3
x 10 3
x 103
x 103
Conductivity
(ohm-1 cm-)
1.56 x 10~4
1.07 x
1.06 x
6.41 x
4.68 x
5.04 x
7.81 x
1.28 x
2.61 x 10 3
4.62
7.95
1.25
1.17
8.05
4.68
x 10 3
x 10 3
x 10 4
x 10 4
x 103
x 10 3
1727
1727
1727
1727
1727
1727
1727
1677
1627
1627
1627
1627
1627
1627
1577
1527
1527
1527
1527
1527
1527
1.37
2.27
3.57
3.27
2.72
1.96
x 10 4
x 10 4
x 10 4
x 10 4
x 10 4
x 10 4
10~4
10~4
10-5
10-5
10-5
10-5
104
6.07 x 10-5
3.43 x
2.00 x
1.27 x
1.36 x
1.97 x
3.39 x
10- 5
10-5
10-5
10-5
10-5
10-5
1.97 x 10-5
1.16 x
6.99 x
4.44 x
4.85 x
5.83 x
8.09 x
10-5
10-6
10- 6
10- 6
10-6
10- 6
8.05 x 10 3
100
100
10-2
104
10- 6
10-8
10- 10
100
100
10- 2
10~4
10- 6
10-8
10- 10
9 S
Specimen No. 6 (Continued):
Temperature
(0C)
1477
1427
1377
1327
1327
Resistance
(ohm 103 cps)
2.78 x 10 4
4.92 x 10 4
9.60 x 104
2.10 x 10 5
2.26 x 10 5
Conductivity
(ohm-1 cm l)
5.69 x 10-6
3.22 x 10-6
1.65 x 10-6
7.55 x 10~
7.02 x 10~
Specimen No. 6 - Reground: 1
(diameter 1.8433 cm.; thickness 0.3686 cm.; cell constant 0.1378 cm .)
1.39 x 103
7.24 x 10 3
4.26 x 104
8.36 x 104
1.64 x 10 5
9.91 x 10-5
1.90 x 10-5
3.23 x 10-6
1.65 x 10-6
8.40 x 10~
(atm)
100
100
100
100
100
100
100
100
100
1727
1577
1427
1377
1327
~39
4. Two and Four-Terminal a.c. (104 cps) Current Versus Voltage Data:
Specimen No. 7:
(diameter 1.8372 cm.; length 1.0607 cm.; 1distance between probes 0.4763 cm.;
cell constant (entire sample) 0.4001 cm~ )
Temperature = 1727*C; pp0 = 100 atm; cell constant = 0.1797 cm-
V Al0a (volts)
4.80
4.00
3.45
3.00
2.80
2.30
1.90
1.51
1.29
1.00
0.867
0.550
0.400
0.268
0.169
0.120
0.086
0.050
0.0358
0.0209
0.0118
0.0040
I (amps)
2.00 x 10-3
1.71 x 10-3
1.50 x 10-3
1.29 x 10 3
1.20 x 10-3
1.00 x l0-3
8.60 x 10~4
7.00 x 10~4
6.00 x 10~4
4.60 x 10~4
4.00 x 10~4
2.62 x 10~4
1.90 x 10~4
1.24 x 10~4
8.00 x 10-5
5.65 x 10-5
4.00 x 10-5
2.40 x 10-5
1.69 x 10-5
9.90 x 10-5
5.55 x 10-6
1.91 x 10-6
Standard Resistor
1,000 ohms
Temperature = 17270C; pp 0 , 10-5 atm; cell constant = 0.4001 cm
VA10% (volts) I (am
2.70 2.62 x
2.04 2.00 x
1.50 1.50 x
1.18 1.20 x
0.88 9.00 x
0.68 7.00 x
0.392 4.00 x
0.210 2.18 x
0.118 1.20 x
0.080 8.30 x
0.051 5.60 x
0.0300 3.15 x
0.0115 1.27 x
Temperature 
= 1627*C; pp0
VAlp0: (volts)
3.00
2.50
1.98
1.60
1.50
1.30
1.22
1.00
0.90
0.82
0.70
0.58
0.40
0.300
0.229
0.141
0.082
Standard Resistor
10,000 ohms
ps)
10~4
10- 4
10- 5
1-5
LO-
10- 5
10- 5
10- 6
10- 6
10-6
10- 6
= 100 atm; cell constant = 0.1797 cm
I (amp s)
3.60 x 10~4
3.00 x 10~4
2.40 x 10~4
1.94 x 10~4
1.84 x 10~4
1.58 x 10~4
1.50 x 10~4
1.22 x 10~4
1.10 x 10~4
1.00 x 10~4
8.59 x 10-5
7.00 x 10-5
4.85 x 10-5
3.68 x 10-5
2.80 x 10-5
1.70 x 10-5
1.00 x 10-5
Standard Resistor
10,000 ohms
C~f
e~ K ) ~
Temperature = 1627*C (Continued):
VA1209 (volts)
0.060
0.0418
0.0277
0.0188
0.0068
0.00205
0.00112
I (amps)
7.21 x 10-6
5.00 x 10-6
3.25 x 10- 6
2.29 x 10-6
8.20 x 10~
2.50 x 10~
1.30 x 107
Standard Resistor
10,000 Ohms
Temperature = 1627*C; pp0
10 atm; cell constant = 0.4001 cm
VAlp03 (volts)
3.80
3.00
2.54
2.10
1.72
1.00
0.815
0.50
0.320
0.250
0.163
0.080
0.050
0.0237
0.0116
I (amp s)
1.00 x 104
8.20 x 10-5
7.00 x 10-5
5.95 x 10-5
5.00 x 10-5
3.00 x 10 -5
2.48 x 10-5
1.54 x 10-5
9.80 x 10-6
7.65 x 10-6
5.00 x 10-6
2.43 x 10-6
1.50 x 10- 6
7.20 x 10~
3.60 x 10~
Standard Resistor
10,000 ohms
10 a
Temperature = 1527*C; pp0 100 atm.; cell constant = 0.1797 cm
VAl0a (volts)
4.00
3.20
2.70
2.29
2.00
1.70
1.30
1.07
0.80
0.62
0.48
0.355
0.250
0.131
0.094
0.0700
0.051
0.0300
0.0185
I (amp s)
1.60 x 10~4
1.30 x 10~4
1.08 x 10~4
9.40 x l0-5
8.25 x 10-5
7.00 x 10-5
5.40 x 10-5
4.40 x 10-5
3.20 x 10-5
2.60 x 10-5
2.00 x 10-5
1.49 x 10-5
1.01 x l0-5
5.50 x 10-6
4.00 x 10-6
3.00 x 10-6
2.19 x 10-6
1.29 x 10-6
8.00 x 10~7
Standard Resistor
10,000 ohms
Temperature = 1427*C; pp0 2 = 100 atm; cell constant = 0.1797 cm
V (volts)
2.99
2.20
1.78
1.50
1.08
0.60
0.42
0.300
0.179
0.140
0.090
0.050
0.032
0.0178
0.0111
Temperature = 1327
I (amps)
5.00 x 10-5
3.75 x 10-5
3.00 x 10-5
2.56 x 10-5
1.80 x 10-5
1.02 x 10 -5
7.05 x 10-6
4.95 x 10- 6
3.00 x 10- 6
2.31 x 10- 6
1.50 x 10- 6
8.35 x 10~
5.20 x 10~7
2.95 x 10~
1.88 x 10~7
*C; ppi = 1(
Standard Resistor
10,000 ohms
0 atm; cell constant = 0.1797 cm
VAl20s (volts)
4.28
3.58
2.90
2.18
1.75
1.50
0.956
0.778
0.477
0.197
0.133
0.090
0.0715
I (amp s)
2.20 x 10-5
1.83 x 10-5
1.50 x l0-5
1.14 x 10-5
9.00 x 10-6
7.80 x 10- 6
5.00 x 10- 6
4.00 x 1C 6
2.50 x 10- 6
1.05 x 10- 6
6.00 x 107
4.75 x 10~7
3.80 x 107
Standard Resistor
10,000 ohms
Calculated Conductivities from Four-Terminal a.c. (104 cps) Measurements:
Specimen No. 7:
Temperature
(*C)
1727
1727
1627
1627
1527
1427
100 1327
Cell Constant
(cmf)
0.1797
0.4001
0.17 97
0.4001
0.1797
0.1797
0.1797
Conductivity (ohm~ cm1 )
Low Voltage
9.38 x 10-5
4.01 x 10-5
3.65 x 10-5
1.20 x 10 -5
7.55 x 10-6
3.06 x 10-6
9.36 x 10~
High Voltage
8.09 x 10-5
1.13 x 10-5
pp0 2(atm)
100
10 -5
100
100
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